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A high-sensitivity aeromagnetic survey, BASAR-09, was carried out in an area of 106,300 km? in the Norwegian
Barents Sea. Data processing comprised spike-removal and data editing, systematic corrections, and statistical
and micro-levelling. Processing and interpretation of the new dataset included a compilation and merger of the
surveys in the entire Norwegian Barents Sea. Several potential field maps were produced from the survey area.
Examples of various filtering applied to the magnetic field have been illustrated. A depth-to-magnetic source was
calculated, applying Euler deconvolution techniques.

Structural interpretation of the updated aeromagnetic compilation of the southern Norwegian Barents Sea and 2D
modelling along four regional seismic lines was carried out in conjunction with the existing gravity data. An
existing regional 3D model of the entire Barents Sea was clipped to the Norwegian Barents Sea and refined,
updated and readjusted employing the new magnetic data. The new and reprocessed magnetic data represent an
important and beneficial improvement to the Norwegian shelf magnetic map, reflecting the regional basement
settings with a significantly greater accuracy and providing new insights into the interaction of the various basins
and basement highs within the survey area and the complex development of the southern Barents Sea. High-
frequency anomalies from shallower structures were utilised to obtain a comprehensive overview of the
distribution of dykes and salt diapirism in the area and were helpful in linking and identifying geological
structures offshore by onshore-offshore correlations. Grav/Mag 2D and 3D modelling gave additional information
on depth-to-basement, deeper crustal setting and the crustal thickness. A 2D heat flow modelling along one of the
interpreted seismic lines gave additional constraints for the different basement units.
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1 INTRODUCTION
Laurent Gernigon & Marco Bronner

Like several countries (e.g. Australia, Canada, Finland, Sweden, U.S), Norway was one of
the first to support a vigorous government programme to develop a countrywide, modern,
high-resolution, aeromagnetic database. This programme includes continuous data
acquisition, and the merging and re-processing of data from individual surveys. In this
context, the Geological Survey of Norway (NGU) plays a crucial role in maintaining and
continuously updating this national database. NGUs most recent aeromagnetic acquisitions
proved the need for modern data in order to validate the first-order geophysical and
geological features of the Norwegian continental shelf and contiguous oceanic domain.
Comparing vintage and modern aeromagnetic surveys is like comparing 2D seismic lines
from the 1970s with the most advanced 3D surveys of today and everybody usually agrees
that the modern data provide much more detail and significantly improve our geological
knowledge. Consequently, NGU has launched a series of remapping projects of the
Norwegian continental shelf and adjacent oceanic basins with funding provided by the
petroleum industry and governmental institutions. The need for a new generation of high-
quality data has now become a reality for both academia and industry.

1.1 Aeromagnetic data and exploration

The delineation of gravity and magnetic anomalies should normally be the first geophysical
method to be applied to a new basin or region under evaluation or re-evaluation. In frontier
and under-explored areas, where seismic data are sparse or non-existent, aeromagnetic
acquisition still remains the cheapest and easiest way to obtain and/or refine a picture of the
structural setting of the study area. Aeromagnetic data can also be useful for the strategic
planning of new seismic and electromagnetic acquisitions and help to define potential
prospects. Large aeromagnetic surveys can be carried out efficiently and safely almost
everywhere, in a short period of time and at a reasonable cost.

Also, when integrated with seismic and gravity interpretations, modern aeromagnetic
information can reduce the risk of making faulty geological interpretations. Both gravity and
magnetic data are independent of seismic data, both physically and from the technical
measurement point of view. A joint interpretation that combines seismic and potential field
data thus produces a synergy that helps to significantly improve and validate the geological
and structural interpretation of potential prospects.

Modern aeromagnetic data are usually applied as a relevant complement for basin and
geodynamic interpretation in Norway. If the seismic coverage is poor, it can be jointly
combined with gravity data to confirm and/or estimate the lateral extent of basement features,

8
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lava flows, magmatic intrusions, salt structures or sand channels that may be observed in the
sparse seismic sections (Fig. 1.1). High-resolution aeromagnetic surveys also represent
relatively inexpensive tools for the 3D mapping of faults and fracture systems propagating
through hydrocarbon-bearing sedimentary successions.

A variety of modern techniques to process, display and model the magnetic anomalies are
offered for basin analysis. Several magnetic techniques can support the basin analysis and
permit geoscientists: 1) to identify and delineate in depth mafic intrusions and volcanic rocks,
2) to quantify and evaluate the top of the magnetic basement and infer the location of the
thickest sedimentary section, 3) to detect subtle, intra-sedimentary, ‘micro-magnetic’
anomalies, and 4) to evaluate, to some extent, the temperature of the crust (Curie
temperature).

1: Oceanic anomalies (magnetic chrons)
2: Dike swarm

3: Flood basalts

4: Magnetic basement flanking the basin
5: Faults (different levels)

6: Salt domes

7: Sills and dikes intruding the sediments

8: Buried volcanic center

9: Intra-basement intrusions

10 : Underplating-deep mafic intrusion

11: Suture zones-basement terranes

12: Magnetic mineral in shallow channels, bar and fans systems

13: Magnetic minerals precipitated in fault/shear zones

14: Diagenetic magnetite or pyrrhotite formed by hydrocarbon seepage
15: Magnetic layering of the sedimentary strata

16: Anticlines, folded zones, thrust belts

17: Boat, submarine, pipeline, wreck

18: Curie temperature

Figure 1.1 3D cartoon and examples of the application of modern NGU aeromagnetic surveys to
basin or geodynamic studies. The cartoon illustrates structures and geological units that can cause
observable magnetic responses (Gernigon et al. 2007a).
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1.2 Objective: BArents Sea Aeromagnetic Remapping 2009 (BASAR-09)

As part of the NGU mapping programme, a high-resolution aeromagnetic survey was
acquired in the Norwegian Barents Sea in 2009 (BASAR-09). NGU initiated the BASAR-09
project as a follow-up of the successful Barents Sea Aeromagnetic Surveys BAS-06 and
BASAR-08. The survey closes a gap that existed in the state-of-the-art aeromagnetic data in
the southern Barents Sea in between the HRAMS-97/98 and BASAR-08 campaigns and
replaces the existing sparse and poor-quality data.

Figure 1.2 shows the location of the new survey area and an outline of the previous magnetic
acquisition in the study area. A substantial part of the survey area was covered with
aeromagnetic data in the 1980s during the TAMS-84, BAMS-85 and BSA-87 surveys. In the
southwestern part the last acquisition was carried out 40 years ago and was flown with a
limited number of tie-lines, which were insufficient to consider and correct diurnal variations
adequately. In the meantime, modern and more accurate magnetometers, navigation systems
and recent advances in processing techniques have allowed us to seriously improve the
quality of aeromagnetic mapping (Luyendyk 1997). Modern magnetometers, as used for the
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Figure 1.2 Geographic location of the BASAR-09 survey area and outline of the previous
aeromagnetic surveys in and surrounding the Barents Sea (Olesen et al. 2006, 2010, Gernigon et al.
2007Db). Alta and Tromsg airports were used during the survey acquisition.
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BASAR-09 survey, provide new total field measurements of high sensitivity, with virtually
no drift and to all intents and purposes can be regarded as giving a reliable reading with
typical noise envelopes of +0.1 nT.

Advances in data acquisition techniques (more sensitive magnetometers, full release of
modern Global Positioning Systems, pre-planned drape surveys, etc.), as well as data
processing and displaying procedures (such as micro-levelling and advanced gridding
techniques), and have also significantly improved data quality and resolution, providing
levels of detail that are compatible with those derived from seismic recording, well logging
and surface geological mapping. Being aware of such major geophysical improvements, the
primary objectives of the BASAR-09 project were multiple:

1) To provide a better and more reliable magnetic coverage of the study area.

2) To refine the interpreted tectonic and geodynamic settings of the Barents Sea, which are
far from being well understood.

3) To interpret the tectonic framework, basement structure and lithology.

4) To correlate and combine these results with the known geology of the study area as an aid
in the identification of new structural features.

The interpretation involves the application of improved processing techniques and cultural
source removal from the total magnetic field. In order to enhance the signatures of the
basement structures and lithological units, a number of processed images and interpretations
have been produced during this project.

In the first part of this report we describe the acquisition, processing, levelling and map
production of the BASAR-09. Filtering techniques and data enhancement methods are
described, leading subsequently to an integrated study of the survey area in 2D and 3D and a
discussion of the most interesting features revealed by this new dataset.

The second main part focuses on the geophysical and geological interpretation of the new
survey, including also gravity and available and released seismic lines, kindly provided by
the Norwegian Petroleum Directorate (NPD). This leads to a preliminary interpretation of the
survey area and opens discussions on onshore-offshore relationships and the development of
the Barents Sea.

The BASAR-09 acquisition was co-funded by the Norwegian Petroleum Directorate, Statoil,
Det norske oljeselskap and Eni Norge. The final compilation will certainly be welcomed by
most researchers and explorationists working within the fields of geodynamics and
geophysics and should provide a step further in our geodynamic knowledge of the Nordic
seas.

11
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Figure 1.3 Location of the BASAR-09 survey area (and outline of BAS-06 and BASAR-08). The main
structural elements of the western Barents Sea are from NPD (Gabrielsen et al. 1990).

12
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2 GEOLOGICAL FRAMEWORK
Marco Bronner & Laurent Gernigon (with contributions from David Roberts)

2.1 Introduction

Because of a longstanding dispute between Russia and Norway about an area in the Barents
Sea northeast of Varanger -a settlement for which was finally reached earlier this year- the
remapping of the southern Norwegian Barents Sea is not yet completed. With the BASAR-09
survey and the BASAR-08, BAS-06 and HRAMS-97/98 data, however, we provide a high-
resolution, state-of-the—art aeromagnetic compilation from the Norwegian coast up to 74°N
latitude, which covers the major structural units in the area such as the major basins of
Nordkapp, Hammerfest, Tromsg and Bjgrngya. The new grid covers the Norsel High, Loppa
High and the southern part of the Stappen High as well as the Veslemgy High and most of the
Vestbakken volcanic province and large parts of the Finnmark and Bjarmeland platforms. All
the new surveys extend towards the coastline of Troms and Finnmark and cover the islands
of Sereya, Rolfsgya and Magergya, which allow us to link onshore and offshore structures
visible from the magnetic field. The magnetic patterns are directly linked to the geological
evolution and tectonic history of the area and we therefore here provide a short summary of
the tectonostratigraphic evolution of the study area in order to set the scene for the structural
interpretation of the new magnetic data and modelling results. For further information and
references about the geodynamic and paleogeographic framework of the Barents Sea we refer
particularly to Gabrielsen et al. (1990, 1992), Johansen et al. (1993), Doré (1995),
Gudlaugsson et al. (1998), Larssen et al. (2005), Worsley (2006) and Barrére et al. (2009).

The Barents Sea consists of complex structural elements with platform areas, basement highs
and sedimentary basins (Figs. 1.3 and 2.1). It has been affected by a long and complicated
tectonic development involving deformation of the entire crust, with major continental
collisions and orogenesis followed by a complex rifting history that ultimately led to
continental breakup in Cenozoic time (Gudlaugsson et al. 1998, Faleide et al. 1993).

The western Barents Sea region (Fig. 1.3) covers a large part of the Norwegian continental
shelf and there is still a considerable lack of knowledge and understanding of the geology and
petroleum potential of this province. Previous and ongoing exploration in this region suggests
that it has the potential to become a world-class petroleum province. Exploration in this vast
region will benefit greatly from an improved knowledge of the tectonic and crustal
development of its complex regional structures.

2.2  Troms and Finnmark Geology

The geology of mainland Troms and Finnmark, northern Norway, is dominated by
Precambrian basement and Caledonian nappes (Andresen 1980; Sigmond et al. 1984, Zwaan

13
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1995). A variety of gneisses, supracrustals and intrusive rocks of Archaean and
Palaeoproterozoic age in the Precambrian basement are draped by thrust sheets comprising
rocks of mostly Neoproterozoic to Silurian age that were emplaced during the protracted
Caledonian orogeny.

The Scandinavian Caledonides as a whole have been divided tectonostratigraphically into
major Lower, Middle, Upper and Uppermost Allochthons as well as a thin, underlying
Autochthon and Paraautochthon (Roberts & Gee 1985). All these units, perhaps with the
exception of the Uppermost Allochthon, are represented in Finnmark, whereas Troms is
dominated by the Middle and Upper Allochthon to the east (Zwaan & Roberts, 1978, Roberts
& Gee, 1985) and the Uppermost Allochthon in the southwest (Andréasson et al., 2003). The
Lower and Middle Allochthons are considered to consist of shelf and continental rise units
deposited along the Baltoscandian margin, which faced the lapetus Ocean in Early
Palaeozoic time (Stephens & Gee 1985, Siedlecka 1987, Roberts 2003). The Upper and
Uppermost Allochthons comprise, respectively, oceanic complexes and exotic continental
margin units of Laurentian origin.

2.2.1 Troms

The westernmost part of Troms is characterised by a number of coastal islands where
Archaean to Palaeoproterozoic gneisses and intrusive bodies are exposed in the West Troms
Basement Complex. This comprises crustal blocks of migmatites, granitoid rocks and
supracrustal belts which were metamorphosed and deformed to variable grades and degrees
during the Svecofennian orogeny (Armitage & Bergh 2005). An overview of the geology is
summarised in Zwaan et al. (1998) and Corfu et al. (2003). The West Troms Basement
Complex (WTBC) extends over the islands of Senja, Kvalgya and Ringvassgya. Gneisses in
northern Senja and Kvalgya occur as megalenses and blocks divided by narrow,
approximately NW-SE striking ductile shear zones, which also comprise part of the Senja
Shear Belt (Tveten & Zwaan 1993).

The geology of Kvalgya is dominated by the Ersfjord Granite and Neoarchaean tonalitic
gneisses of the Kattfjord Complex in the north and by the Bakkefjord Diorite and Gratind
Migmatite in the south which are separated by N-S striking metasupracrustal rocks (Zwaan et
al. 1998, Corfu et al. 2003). The dominant strike of the foliation on Kvalgya is N-S, but
locally the main foliation is rotated into a NW-SE to E-W strike, reflecting a later phase of
deformation (Armitage & Bergh, 2005). Later emplacement of the Ersfjord Granite (at 1792
Ma, Corfu et al. 2003) was associated with migmatisation and this was succeeded by the
intrusion of granitoid pegmatite dykes (Binns 1985). These granitoid dykes also transect
common mafic dykes in the Bakkefjord Diorite.

On Ringvassgya supracrustal sequences of intermediate to mafic metavolcanic and
terrigenous metasedimenary rocks of assumed Palaeoproterozoic age overlie Neoarchaean

14
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tonalitic gneisses (Ringvassgya Greenstone Belt), which represent the major unit in the
northern part of the WTBC (Zwaan, 1995, Kullerud, et al. 2006a, Bergh et al. 2007). Mafic
dykes that cross-cut both the gneisses and the Ringvassgy Greenstone Belt were emplaced at
c. 2400 Ma (Kullerud et al. 2006b). These dykes correlate broadly with a global
Palaeoproterozoic magmatic event that formed extensive bimodal intrusive and extrusive
suites in most Archaean cratons, including the northeastern Fennoscandian Shield (Zozulya et
al. 2009).

The island of Vanna is dominated by c. 2.86 Ga tonalitic gneisses, with local cross-cutting
2.4 Ga mafic dykes (Bergh et al. 2007). Along the southern and western coasts of the island,
however, these rocks are unconformably overlain by metasedimentary rocks of the Vanna
Group which are intruded by c. 2.22 Ga dioritic and gabbroic sills (Bergh et al. 2007). The
WTBC is separated from the Caledonian thrust complex to the east by a combination of a
basal, low-angle, Caledonian thrust fault and Palaeozoic-Mesozoic normal faults (e.g. Zwaan
1995, Olesen et al. 1997), later interpreted as an extensional detachment (Ramberg et al.
2008, Ch.7). It is generally believed that the WTBC represents a westward extension of
similar rocks occurring in the Fennoscandian Shield in the northern Sweden and Finland, but
the remarkably weak Caledonian overprint of the rocks of the WTBC has led some workers
to suggest that the complex is in a paraautochthonous to allochthonous position (e.g.
Brueckner 1971, Dallmeyer 1992, Motuza 1998).

Whilst the lowermost nappes are well represented in Finnmark, they are only sparingly
present in Troms and northern Nordland where, instead, the Middle, Upper and Uppermost
Allochthons are predominant. The Kalak Nappe Complex of the Middle Allochthon occurs
widely over large areas in innermost north Troms. It comprises five, separate nappes or thrust
sheets, each dominated by arkosic metasandstones and some with slices of older gneissic
basement rocks at their base (Zwaan 1988). The Corrovarri Nappe is the uppermost
tectonostratigraphic unit of the Kalak Nappe Complex and consists mainly of a
Neoproterozoic metasedimentary succession cut by mafic dykes dated to c. 580 Ma (Zwaan
& van Roermund 1990). This nappe is truncated by the overlying Vaddas Nappe of the Reisa
Nappe Complex, which is part of the Upper Allochthon. The rocks of the Kalak Nappe
Complex were metamorphosed in highest greenschist-facies, locally up to amphibolite facies,
during the Late Silurian-Early Devonian, Scandian orogeny (Lindahl et al. 2005).

The Reisa Nappe Complex consists of four, regionally extensive nappes, the Vaddas,
Tamokdalen, Kafjord and Nordmannvik Nappes, each containing a lower shallow-marine
succession of schists, conglomerates and calcite marbles which pass upwards into deeper-
marine turbidites with sporadic mafic lava flows and gabbro bodies (Lindahl et al. 2005).
Mafic dykes occur widely throughout the succession. In one area, a marble member contains

fossils of latest Ordovician-Early Silurian age (Binns & Gayer 1980). Metamorphic grade is
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generally in amphibolite facies, but granulite-facies conditions prevail locally in the highest

thrust sheet, the Nordmannvik Nappe.

The Uppermost Allochthon occurs extensively in west and southwest Troms. In northern
areas it was initially termed the Tromsg Nappe Complex (Andresen et al. 1985), but was later
extended and subdivided into three separate nappes, the Lyngsfjell, Nakkedal and Tromsg
Nappes (Krogh et al. 1990, Zwaan et al. 1998). The basal Lyngsfjell Nappe contains the
Early/Mid Ordovician, ophiolitic Lyngen Magmatic Complex (Furnes & Pedersen 1995),
which is overlain unconformably by the locally fossiliferous, Late Ordovician-Early Silurian,
Balsfjord Supergroup (Binns & Matthews 1981, Bergh & Andresen 1985). In southwestern
Troms, there is different subdivision of the Uppermost Allochthon with 4 or 5 separate
nappes (Steltenpohl et al. 1990, Melezhik et al. 2003), all dominated by diverse schists and
calcite or dolomite marbles but with slices of ophiolite, equivalent to the Lyngsfjell Nappe, at
the base. Chemostratigraphical studies on the marbles have revealed a variety of ages in
different thrust sheets ranging from Early Cryogenian to Silurian (Melezhik et al. 2003,
2007). A review of the geology of the Uppermost Allochthon is given in Roberts et al.
(2007).

2.2.2  Finnmark

The geology of the northern Finnmark region is characterised mainly by Mesoproterozoic to
Early Palaeozoic sedimentary successions. With the exception of rocks on the island of
Magergya, these successions are generally inferred to have been deposited along the northern
and northwestern margin of the Fennoscandian Shield and later folded and thrusted during
the Caledonian orogeny (Fig. 2.1).

The Upper Allochthon in Finnmark is represented solely by the Magergy Nappe. This is an
exotic, lapetan element which has recently been interpreted to have Laurentian affinities
(Corfu et al. 2006). This may imply that the Magergy Nappe could form a part of the
Uppermost Allochthon, rather than the Upper Allochthon, but this question does not concern
us directly here.

The Caledonian tectonostratigraphy in Finnmark (Ramsay et al. 1985, Rice et al. 1989a,
Siedlecka & Roberts 1996) above the level of the Paraautochthon is divided into four major
nappe units (Fig. 2.1), in ascending structural order: (1) the Gaissa Nappe Complex, (2)
Laksefjord Nappe Complex, (3) Kalak Nappe Complex and (4) Magergy Nappe. The Gaissa
Nappe Complex is a part of the Lower Allochthon and comprises low-grade, Neoproterozoic
to Early Ordovician sedimentary rocks. The Laksefjord Nappe Complex, which includes a
basal thrust sheet of Precambrian crystalline basement rocks (Rice 2001), constitutes the
lowermost unit of the Middle Allochthon in the Laksefjorden area. The metasediments in the
Laksefjord Nappe Complex are considered to be of Neoproterozoic age (Sundvoll & Roberts
2003). The Kalak Nappe Complex constitutes the main part of the Middle Allochthon
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(Roberts 1985, Rice & Frank 2003) and consists largely of Meso- to Neoproterozoic
metasedimentary rocks with slices of older basement rocks in the BASAR-09 and BASAR-
08 survey areas. The nappe complex consists of at least 25 thrust sheets group into 7-8
nappes (e.g. Gayer et al. 1985, 1987, Ramsay et al. 1985). Sgrgya and the coastal area just
south of the island which marks the border to the survey area BASAR-09 form part of the
Sergy-Seiland Nappe. Sgrgya is dominated by a dissected metasedimentary succession of
Cryogenian to Early Silurian age (Kirkland et al. 2005, Slagstad et al. 2006), part of which is
intruded by gabbros, diorites and carbonatites of the Seiland Igneous Province (Roberts 1973,
Robins 1996). U-Pb isotopic dating has shown that the voluminousmagmatic rocks of the
Seiland Igneous Province, which reachs down to depths of 7-8 km (Olesen et al. 1990) were
intruded in Vendian (Ediacaram) time at 570-560 Ma (Roberts et al. 2006, 2010).

The Mageray Nappe comprises metasedimentary rocks of Early Silurian age that are intruded
by a Silurian, mafic-ultramafic, plutonic complex, the Honningsvag Igneous Suite (Robins
1998, Roberts et al. 2003, Corfu et al. 2006). On Magergya, there are also a few mafic dykes
of Carboniferous age, dated to ¢. 337 Ma (Lippard & Prestvik 1997, Roberts et al. 2003). The
dykes occur in several different places on the island and generally lie parallel to NW-SE-
trending extensional faults. Accordingly, the dykes and faults have been interpreted as
associated with the Late Palaeozoic extension and rifting in the Barents Sea (Roberts et al.
1991, Lippard & Prestvik 1997).

East of Tanafjorden, in the northwestern part of the Varanger Peninsula, mid greenschist-
facies, turbiditic metasedimentary rocks of the Berlevag Formation (Levell & Roberts 1977)
occur within the Tanahorn Nappe, which is generally considered to form the lowest part of
the Kalak Nappe Complex on this peninsula (Levell & Roberts 1977, Rice & Frank 2003,
Roberts 2009). The base of the Tanahorn Nappe is a steep, NW-dipping, thrust fault that
separates the Berlevadg Formation from what has been termed the Barents Sea Caledonides
(Gayer et al. 1987), part of the Lower Allochthon, coinciding with a drop in metamorphic
grade from mid greenschist-facies to epizone (Rice et al. 1989b). Below the basal Tanahorn
thrust fault, the rocks of the Lower Allochthon comprise the Lgkviksfjellet Group, a 5.8 km-
thick, terrigenous sandstone sequence of assumed Vendian age that unconformably overlies
turbidites and deltaic rocks of the 9 km-thick, Riphean to Lower Vendian, Barents Sea Group
(Siedlecka & Siedlecki 1971, Siedlecka 1987, Gernigon et al. 2007b).
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The Varanger Peninsula is divided into two regions separated by the major, c. NW-SE-
trending, Trollfjorden-Komagelva Fault Zone (TKFZ), which marks a clear metamorphic and
structural boundary (Siedlecka & Roberts 1992). The Barents Sea Region (BSR) lies to the
north of the TKFZ and the Tanafjorden-Varangerfjorden Region (TVR) represents the
southern part of the peninsula. The TVR consists of up to 3.8 km of Late Riphean
(Cryogenian) to Early Cambrian successions lying unconformably upon the Neoarchaean
basement complex of the Fennoscandian Shield (Siedlecka & Roberts 1992).

The regional significance, structure and evolution of the TKFZ has been discussed in several
publications (e.g., Siedlecka 1975, Rice et al. 1989a, Siedlecka & Roberts 1992, Karpuz et al.
19933, b, 1995, Herrevold et al. 2009). The fault zone is almost parallel to the axis of the
Kola-Kanin Monocline, offshore Kola Peninsula, NW Russia, and extends southeastwards
onto the Rybachi and Sredni peninsulas along in Russia (Roberts 1995). A northwestern
extension of the TKFZ into the Southwest Barents Sea has also been proposed by Gabrielsen
& Feerseth (1989).

Previous, integrated, remote sensing and aeromagnetic studies of the Varanger Peninsula
have indicated that major, penetrative, NW-SE, NNW-SSE to NNE-SSW and NE-SW
lineaments were inherited from the Archaean to Palaeoproterozoic crystalline basement
features (Karpuz et al. 1993a, b, 1995). The NW-SE-trending lineament zones are
particularly prominent and significant in both remote sensing and potential field datasets and,
by comparison with the structural history of Kola Peninsula, probably represent the oldest
weakness zones in this part of the Fennoscandian Shield (Karpuz et al. 1995). Structural
investigations have suggested that many of these lineaments have been reactivated at several
stages in their history from Archaean to Mesozoic time (Siedlecka & Roberts 1992, Karpuz
et al. 1993b, 1995).

The metasedimentary succession of the Barents Sea Group was deposited in a basin bounded
to the south by a precursor fault to the TKFZ. During most of the Neoproterozoic this
structure was a major, extensional, border fault separating a platformal domain to the
southwest from a basin deepening to the northeast (Siedlecka 1985, Siedlecka & Roberts
1992). In Vendian time, during the Timanian orogeny, basinal inversion along the fault led to
SW-directed thrusting. Subsequently, dextral strike-slip deformation occurred along the
TKFZ during the Caledonian orogeny, in Early Ordovizian time (Rice & Frank 2003), with
later dip-slip or oblique-slip movements in the Late Palaecozoic and Mesozoic (Lippard &
Roberts 1987). Several estimates of the amount of Caledonian, dextral strike-slip
displacement along the TKFZ have been proposed, but an offset of just 50-100 km seems to
be most reasonable (Rice 1994). Jensen & Sgrensen (1992) also considered a post-
Caledonian dextral movement along the TKFZ of less than 5 km associated with a Late
Palaeozoic rifting phase in the southwestern Barents Sea.
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From east to west, the BSR shows a complex structural setting influenced by both the
Timanian and the Caledonian orogenies. To the east, the low-grade rocks of the Barents Sea
Group in the Vardg district show a fold axial trend and associated, steep cleavage oriented
between NW-SE and NNW-SSE near the eastern coastline, swinging gradually towards c. N-
S farther to the west (Karpuz et al. 1993a,b, Roberts 1996). In earlier interpretations a
Scandian (Silurian) age was assumed for the NNW-SSE structural grain in this part of the
BSR, the folds arising either through buffering in front of a rigid basement block (Roberts
1972) or as tip-folds that developed by late-Caledonian back-thrusting (Rice et al. 1989a).
Comparative field studies on the Rybachi Peninsula just 50 km to the southeast in Russia
provided convincing evidence that the main folds and cleavage in the eastern part of the BSR
formed during the Vendian-age Timanian orogeny.

This inferred Timanian structural grain in the eastern BSR, however, is interrupted by cross-
folds and a weak cleavage of ENE-WSW to NE-SW trend, interpreted by Roberts (1996) to
be Caledonian in age and most likely Ordovician (Rice & Frank 2003, Herrevold et al. 2009).
Only one attempt at dating the older penetrative cleavage in this area has been made,
providing an imprecise Rb-Sr whole-rock isochron date of 520+47 Ma (Taylor & Pickering
1981). Recalculations of these analytical data have tended to favour an older, Vendian age
(B. Sundvoll, pers. comm., in Roberts & Olovyanishnikov 2004).

In western Varanger Peninsula the principal structures are of Caledonian age (Roberts 1972,
Karpuz et al. 1995) and have been isotopically dated to Early to Mid Ordovizian time (Rice
& Frank 2003). In the BSR there is a general decrease in intensity of deformation from
northwest to southeast. Structural features are mostly NE-SW to ENE-WSW trending and
represent SE-verging folds and thrusts. In the footwall of the Tanahorn Nappe, the Lower
Allochthon is represented by the Rakkocearru thrust sheet (Roberts 2009). Similar structures
occur southwest of the TKFZ in the western TVR, in the Gaissa Nappe Complex (Rice et al.
19893, Siedlecka & Roberts 1996), where there are also indications of possible Finnmarkian,
low-grade metamorphism (Sundvoll & Roberts 2003), here of post-Early Tremadoc age.

In the central parts of the BSR, there is a zone of transition where the Caledonian structures
appear to die out eastwards against, but also overprint, the Timanian folds (Herrevold et al.
2009). However, a basal thrust sheet of the Lower Allochthon appears to enter the sea in
Syltefjorden (D. Roberts, pers. comm. 2007). Earlier, the precise age of the Caledonian
deformation in the BSR was not well constrained, but in a “’Ar-**Ar study Rice & Frank
(2003) have shown that the pervasive cleavage in the Tanahorn Nappe and subjacent rocks is
of Early to Mid Ordovician age. This was also the time of the major, dextral strike-slip
movement along the TKFZ.

A feature of the northwestern and central parts of the BSR is that metadolerite dykes are
profuse and locally attain swarm proportions (Roberts 1972), but no maps showing all the
dykes have so far been published. Most of the mafic dykes are of Vendian age and thus pre-
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date the Caledonian folding (Rice et al. 2004), but there is also a later set of more sporadic
dolerite dykes of Late Devonian age (Guise & Roberts 2002) which relate to a phase of
rifting recorded in NW Russia and the southern Barnts Sea.

The Nordkinn Peninsula, west of Tanafjorden, lies within the onshore area covered by the
BASAR-08 survey. There, the upper greenschist-facies succession forms part of the Kalak
Nappe Complex and consists of diverse metasandstones and phyllites with garnet appearing
as an index mineral in the western areas (Roberts & Andersen 1985). The arkosic sandstone
formations on Nordkinn are invariably cross-bedded and locally enriched in heavy-mineral
layers. Palaeocurrent data indicate that the source areas for the detritus were situated to the
south and southeast (Roberts 2007).

2.3 Geodynamic and geological background of the Barents Sea

The tectonic and 'basement' history of the Barents Sea is strongly influenced by the
Palaeoproterozoic (Karelian) orogeny, which established the stable Russian-European
platform adjacent to the Archaean Fennoscandian Shield (Alsgaard 1993, Gee et al. 2008).
Subsequently, a latest Neoproterozoic Timanian orogeny (previously called Baikalian)
developed as a fold-and-thrust belt in the eastern part of the Barents Sea region during
Ediacaran (Vendian) time. The Timanide orogen resulted from the accretion and assemblage
of diverse magmatosedimentary terranes including intra-oceanic subduction systems, islands
arcs and isolated micro-blocks, as the paleocontinent Arctida collided with Baltica
(Kuznetsov et al. 2010). The main NW-SE Timanian orogenic trends are exemplified by the
Kanin-Timan Ridge and the Kola-Kanin Monocline southwest of the Timan-Pechora and
Barents provinces (Roberts & Siedlecka 2002, Gee & Pease 2004). In the Timan-Kanin—
Pechora region, major NW-SE structural trends also reflect the reactivation of known
Palaeoproterozoic and older lineaments during the Meso- to Neoproterozoic (Mid to Late
Riphean) crustal extension which characterised the Timanian margin of proto-Baltica. Field
evidence of Timanian deformation in Russia, as described in detail later in this report, is also
documented in the eastern part of the Varanger Peninsula (Roberts 1995, 1996, Roberts &
Olovyanishnikov 2004, Herrevold et al. 2009) as noted earlier.

The geology of the West Barents Sea province (Fig. 1.3 & 11.1) was mostly controlled by
major post-Caledonian rifting phases as well as later episodes of rifting leading to continental
breakup along the northwestern margin of the Eurasian plate (Smelror et al. 2009).

The tectonic and basement history of the Barents Sea is quite complex and locally still
debatable, but the main outlines are relatively well established up to the time of the Late
Palaeoproterozoic (Karelian) orogeny, setting the stable Russian-European platform adjacent
to the Archaean Fennoscandian Shield (Alsgaard 1993, Gee et al. 2008). Subsequently, the
Late Neoproterozoic Timanide Orogen developed as a fold-and-thrust belt in the eastern part
of the Barents Sea region during Vendian (Ediacarian) time (Gee and Pease 2004, Roberts
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and Olovyanishnikov 2004), the suture between Arctida and Baltica extending
northwestwards across the southern Barents Sea (Kuznetsov et al. 2010).

In the West Barents Sea area, the basement history largely corresponds with that of the
Scandinavian Caledonides and its subjacent Precambrian crystalline complexes. The
Caledonian Orogeny culminated approximately 400 million years ago, and resulted in a
consolidation of the Laurentian and Baltican plates into the Laurasian continent and a closure
of the lapetus Ocean, a major seaway that occupied a position more or less similar to the
modern Northeast Atlantic Ocean (Torsvik and Cocks 2005). The Caledonian Orogeny is
traditionally regarded onshore Norway as originating from two major tectonic phases: 1) the
early Finnmarkian phase (Late Cambrian to Early Ordovician) and 2) the later Scandian
phase (Mid-Silurian-Devonian) (Rice and Frank 2003, Roberts 2003). Recent isotopic dating,
however, has revealed some ambiguities in the timing of the early Caledonian tectonic phase
which, in some thrust sheets, could be older and Neoproterozoic in age (Corfu et al. 2006).

In Norway the Caledonides extend over a distance of nearly 2000 km and, as noted earlier,
are widely exposed in northwest Finnmark and Troms close to our study area (Fig. 2.1). The
Caledonian Orogen is also well documented on Svalbard, where generally N-S-striking
Caledonian bedrock is exposed along most of the northern and western coasts of Spitsbergen
(Gee & Tebenkov 2004). Caledonian structural imprints can be seen in the N-S structural
grain of the western Barents Sea margin and Svalbard, and the NE-SW grain of the
southwestern Barents Sea and Finnmark. Old inherited structures usually appear to be the
first order crustal parameters that control the rift or basin architecture in the West Barents Sea
area. This is clearly highlighted by potential field data (Figs. 10.6), which are in turn
influenced by the basement configuration at in the western Barents Sea scale.

The Late Palaeozoic and Mesozoic tectonic history of the Barents Sea was mostly dominated
by extensional tectonics which followed the collapse of the Caledonian and Uralian orogenic
belts. Rift episodes have been documented in the Early-Middle Devonian, Carboniferous,
Permian, Triassic and Late Jurassic-Early Cretaceous (Johansen et al. 1993). These events
created the major rift basins on the Barents Shelf. Regional extension dominated the western
Barents Sea area during the Carboniferous. This episode is part of the long-lived Palaeozoic-
Mesozoic, pre-opening, rifting episodes that lea to the development of the North Atlantic
Ocean. On seismic data, the rift structures are locally recognised below the extensive Upper
Carboniferous to Lower Permian carbonate platform deposits which cover larger parts of the
Barents shelf (Rgnnevik & Jacobsen 1984, Gabrielsen et al. 1990, Johansen et al. 1993,
Larssen et al. 2005). In the Late Palaeozoic, thick successions of evaporites accumulated
locally in the different graben systems developed in the southwestern parts of the shelf (i.e.
the Ottar, Tromsg, Bjgrngya and Nordkapp basins).

During the Early to Late Permian transition, regional seaways developed around Baltica and
the western shelf margins, and progressively opened a connection between the Boreal Realm,

22



NGU Report 2010.056 BASAR-09 Project

the central European Zechstein Basin and the proto-North Atlantic rift system (Brekke et al.
2001, Worsley 2008, Smelror et al. 2009). On the central and western Barents shelf, the
emergent Uralide Orogen and the connection with the Tethys Ocean led to a drastic change in
depositional regime from warm-water platform carbonates to deeper cold-water fine clastics
and silica-rich spiculites due to reorganisation of the ocean currents (Bugge et al. 1995,
Bugge et al. 2002, Larssen et al. 2005).

A major Early Triassic rift episode has also been described from the Barents Sea, and is also
recognised in many parts of the Arctic and North Atlantic regions. Mid-Late Triassic times
was generally characterised by post-rift thermal subsidence in the North Atlantic and Arctic
basins. In the Western Barents Sea, the Lower to Middle Triassic succession comprises T-R
cycles of marine, deltaic and continental clastics, and a number of discrete minor tectonic
events can be recognised. To the west of the Hammerfest Basin, a latest Permian to Early
Triassic rifting event is assumed to have occurred, which may have continued until late
Anisian to early Ladinian time. During that period, salt movements in the Bjgrngya Basin
(BB) are interpreted to have begun in early Scythian time and continued into later Triassic
time in the Nordkapp Basin (Gabrielsen et al. 1992, Koyi et al. 1993, Nilsen et al. 1995). In
Svalbard itself, minor faulting activity occurred during the Triassic period. Lower to Middle
Triassic strata reflect repeated deltaic progradation from a westerly Laurentian source, which
decreased in importance through time. Triassic tectonism in the Bjgrngya and Stappen High
(SH) area most likely comprised repeated uplifts. This interpretation is supported by a slight
angular unconformity between the Triassic strata and underlying Upper Permian carbonates
and the fact that the succession is highly discontinuous.

From Mid to Late Triassic time, a significant change occurred in the paleogeography of the
Barents shelf area. This change coincides with the initiation of a progressive uplift of the
northern, eastern and southern Barents Sea regions. The evidence for this event includes a
significant westward thickening of the Carnian strata (Smelror et al., 2009). This thickening
is interpreted as representing a clastic influx from the Fennoscandian Shield and possibly also
from a westerly Laurentian source. By late Carnian time, much of the western Barents Shelf,
including the Hammerfest Basin, was covered by widespread alluvial plains in coastal and
shelf-break settings.

Renewed tectonic activity was apparent towards the end of Late Triassic time in both the
North Atlantic and the Arctic regions, continuing into earliest Jurassic time. In the Canadian
and Alaskan Arctic, uplift and erosion are apparent, but on Svalbard and the Barents Shelf
evidence for fault activity, presumably linked with extension in the North Atlantic region to
the south, seems to be more significant. Simultaneously with these North Atlantic and
western Arctic events, compression and uplift, generated by the Uralian Orogeny still
controlled the sedimentation in the Eastern Barents and Timan-Pechora areas. By Late
Triassic, uplift and erosion in the eastern Barents Sea-Kara Sea region led to extensive
westward coastal progradation and development of continental and coastal-plain
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environments over major parts of the Barents Sea area, whilst marine environments were
restricted to the westernmost parts.

In the western Barents Sea, the northern progradation of the Mid Jurassic to Early Cretaceous
Atlantic rifting affected particularly the western margin of the Barents Shelf and triggered the
development of a marine connection across the Barents Shelf. In the northern areas, tectonic
activity appears to be related to extension in the Amerasia Basin, a precursor to the Arctic
Ocean opening. Major transgressions in the early Late Jurassic and by the very end of the
Jurassic period flooded the entire Barents Shelf, and shallow-shelf to deep-marine
sedimentation prevailed over large areas. During the Early Cretaceous, the northern Barents
Sea area was subsequently uplifted and large volumes of sediments were shed from the
uplifted continental areas in the northeast into deeply subsiding basins in the west. This Early
Cretaceous uplift was associated with a major volcanic event which occurred on Franz
Joseph Land, Kong Karls Land and adjacent offshore areas (Grogan et al. 1998). This
Cretaceous magmatic event possibly coincides with the onset of sill intrusion activity in the
southern Barents Sea which again suggests a widespread and major phase of volcanic activity
in the Barents Sea and Arctic regions. This tectono-magmatic event along the northern rim
relates to the onset of break-up prior to the opening of the Arctic Ocean.

Along the southwestern Barents Shelf, successive rifting episodes during the Cretaceous led
to rapid subsidence and the development of major deep sag basins such as Harstad, Tromsg,
Bjorngya and Sgrvestsnaget basins. These events represent the northern extension of similar
phases recorded along the Mid-Norwegian margin. Evidence of Aptian rifting is found in
several places on the shelf and a major Cretaceous thinning of the crust affected the Bjerngya
and Servestsnaget Basins. Uplift continued towards the north, and by Late Cretaceous time
large parts of the Barents Shelf were uplifted. The Late Cretaceous to Paleocene period
between Norway and Greenland was progressively taken up by strike-slip movements and
deformation within the De Geer Zone leading to the formation of pull-apart basins in the
westernmost parts of the Barents Sea, south and west of the SH area.

The Paleocene-Eocene transition marks the continental breakup of the North Atlantic margin
and opening of the Norwegian-Greenland Sea at around 55-54 Ma. This event is also
characterised by a major volcanic event as witnessed by massive volcanic traps and the
formation of volcanic rifted margins which have been identified from the Irish margin up to
the Lofoten and NE Greenland shelves. Toward the north, the breakup development along the
western Barents Sea sheared margin was younger, locally magmatic (e.g. Vestbakken
volcanic province) and rather complex (Faleide et al. 1988).

Prior to the opening of the Norwegian-Greenland Sea, a transpressive event developed
between Svalbard and the northern Barents Shelf margin. Crustal shortening was concomitant
with major extension between Norway and Greenland and is estimated to have been around
30 km (NGU, Batlas). Progressively, the continental strike-slip system, active from the
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Paleocene to the Eocene, was subsequently followed by a passive sheared margin
development, leading to breakup from Early Oligocene time. Since Oligocene times,
separation of the Barents Shelf and Greenland/North America has continued, leading to the
opening of the Fram Straight and establishing a North Atlantic-Arctic marine connection in
the Miocene.

Lower Tertiary deposits are virtually absent on the eastern and central Barents shelf but
marine slope to basinal successions are preserved along the western margin. In the
Vestbakken volcanic province there is evidence of breakup-related sill intrusions. A
significant magmatic event, which affected the northern part of the Barents Sea, is also
recognised in Early Cretaceous time and was most likely part of a Large Igneous Province
linking Greenland, Svalbard, Franz-Joseph Land and adjacent shelf areas before the
continental break-up and ocean basin formation occurred (Grogan et al. 1998, Maher 2001).

During the Pliocene-Pleistocene, the entire Barents Shelf was also eroded and large volumes
of glacial and glaciomarine sediments were shed towards the shelf margin where they
accumulated as up to 3 km-thick wedges of shelf-margin, basin slope and deeper marine
origin (Bjegrngya and Storfjorden fans).
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Figure 2.2 Regional palaeotectonics and main orogens and rift zones of the Barents Sea area.
Reconstruction at end-Permian time (modified after Gudlaugsson et al. 1998).

The eastern side of the Barentsian Caledonides is flanked by the remnants of the Late
Neoproterozoic Timanian fold belt, recognised in the Timan-Pechora and Novaya Zemlya
regions (Gudlaugsson et al. 1998, Roberts & Siedlecka 2002). In southern Novaya Zemlya,
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there is evidence that the Timanian orogeny extended up into the Cambrian period (Pease
&Scott 2009). The eastern part of the Barents Sea was subsequently affected by a younger
collision phase between the Laurasian continent and western Siberia, which culminated in
latest Permian to earliest Triassic time. The Urals mountain chain and its northern extension,
Novaya Zemlya, mark the suture zone of this closure, which appears to be younger in the
latter region.
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3 SURVEY CHARACTERISTICS AND ACQUISITION
Marco Bronner & Janusz Koziel

3.1 Survey area and equipment

The survey area is approximately 486 km long and c. 185 km wide in the south and c. 262
km wide in the north. It covers the area between the HRAMS-97/98 and the BASAR-08
surveys and has an overlap with both of about 4 km to guarantee a proper coupling (Fig. 1.2).
The acquisition was carried out during the period 14 May — 14 October 2009. A total of 83
flight-days were necessary to cover the proposed area. For the data acquisition a caesium
magnetometer was installed in a so-called ‘bird’ and towed at a sufficient distance from the
aeroplane (70 m) to render the plane's magnetic effects negligible (Fig. 3.1).

Figure 3.1 Piper Chieftain from Fly Taxi Nord with the towed Scintrex Caesium Vapour MEP 410
high-sensitivity magnetometer (still in the docking cradle).

The airborne magnetic survey was conducted with constant flight-line orientations, which
were adapted from the BASAR-08 survey. In-lines were running almost N-S (c. -5.85° off
geogr. N) with perpendicular E-W-oriented tie-lines (Fig. 3.2). Line spacing was equivalent
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to the BASAR-08 acquisition and was set to 2 km x 5 km to achieve a good control of diurnal
variations of the magnetic field during the data processing.

The entire system was run by the pilots; no additional NGU personnel was required on board
to save costs and time. The data were stored on an USB memory stick and sent to NGU by
email subsequent to each flight, where it was instantly quality controlled and pre-processed.
Before and during flights, NGU staff were permanently controlling the magnetic diurnals
through the  web page of the  Tromsg Geophysical Observatory
(http://flux.phys.uit.no/geomag.html) and could redirect or abort the flight at any time using a
satellite telephone when required.
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Figure 3.2 Flight pattern (red lines and blue tie-lines) of the BASAR-09 survey.

Table 3.1 defines the coordinates of the original survey area.

Longitude Latitude xUTM 36, WGS84 y UTM 36, WGS84
22.57.05 74.33.06 202537 8298792
24.39.46 70.48.13 194894 7876512
24.42.29 70.40.35 194603 7862213
23.13.21 70.33.05 138035 7856559
22.51.27 70.24.42 122042 7843415
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21.39.19 70.19.16 75788 7841373
20.01.20 70.11.49 12554 7840049
19.53.42 70.16.10 9575 7848988
19.26.45 70.16.56 -6673 7854102
18.49.39 70.12.48 -31209 7851872
18.51.07 71.58.35 15449 8043524
18.16.29 72.43.20 16297 8129217
15.04.00 72.43.23 -86364 8158063
15.02.19 74.33.41 -26125 8354902
18.57.36 74.33.57 86526 8324283

Table 3.1 Coordinates of the BASAR-09 survey area.

The following summary provides the essence of the survey programme:

Base of operation Alta and Tromsg airports

Traverse line spacing and trend 2 km, north — south (5.85° cw from N)

Tie line spacing and trend 5 km, east — west

Flying height /sensor altitude ~300 m/230 m.

Speed ~225 km/h

Total line kilometres (in contract) 73,650

Total line kilometres (acquired) ~77,000

Total flight-days 83

Data recorded Magnetic field intensity, radar altitude and
GPS positioning data

Table 3.2 Main characteristics of the BASAR-09 survey.

3.2 Personnel

Participants from NGU:

Project leader: Odleiv Olesen

Senior engineer: Janusz Koziel (leader of field operations)
Engineer: Thomas Magller

Engineer: Tore Vattekar

Geophysicist: Marco Bronner

Participants from Fly Taxi Nord:

Captain: Ronny Thorbjgrnsen
Captain: Ole Thorbjgrnsen
Co-pilot: Andreas Drevvatnet

Co-pilot: Gard Pettersen
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3.3 Equipment and technical specification

The following equipment was used in the survey:

e Aircraft: Piper Chieftain PA31 (registration. LN-ABZ) with long-range fuel tanks
from Fly Taxi Nord in Tromsg (Fig. 3.1).

e Navigation: An Ashtech G12, 12 channel GPS receiver combined with a Trimble
Navbeacon DGPS correctional receiver (SATREF) with a flight guidance system
from Seatex ASA was used for real time differential navigation. The navigation
accuracy was better than £5 m throughout the survey.

e Altimeter: A KING KRA 405 radar altimeter is an integrated instrument of the
aircraft and the data were both recorded and shown on the pilot’s display. The
altimeter has an accuracy of 0.25% with a resolution of 1 foot (0.3048 m) (Fig. 3.3).

e Magnetometer: A Scintrex Caesium Vapour MEP 410 high-sensitivity magnetometer
with a CS-2 sensor was employed in the data acquisition. The noise envelope of the
onboard magnetometer was 0.1 nT. Most of the data fell within the limits of +0.04
nT.

e Data logging: NGU data logger was used to record the different datasets from the
survey.

3.4 Acquisition

The whole area was covered with both tie-lines and traverse lines (Fig. 3.2). The total survey
area covered was c. 106,300 km? and consisted of 21,250 km tie-lines and 53,000 km
ordinary profiles. The aircraft altitude in the offshore area was 300 m a.s.l. on average (1000
feet) (Fig. 3.3). The magnetic sensor was towed approximately 70 m below and behind the
aircraft, giving a sensor altitude of about 230 + 10 m. For the onshore areas, flight clearance
was naturally greater due to topography and poor weather conditions. The flying speed was
225 km/h and magnetic data were sampled at a rate of 5 Hz, giving a spatial sampling
interval of 11-14 m along the lines.

The acquisition was planned and carried out within c. 24 weeks from May to October 20009.
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Figure 3.3 Sensor altitude (plane radar altitude — 70 m). In the offshore regions the sensor height was
in a range of approximately 220 -250 m. Over onshore Finnmark the ground clearance was generally
higher on account of the steep coastal topography and changing weather conditions.

3.5 Magnetic conditions

The most complex problem during magnetic acquisition is probably the diurnal variation of
the Earth's magnetic field influenced by solar storms, which are particularly active at high
latitudes (i.e. aurora borealis). This usually causes tie-lines and regular survey lines to have
different readings at the same geographical point (crossover point). Such misfits can produce
artefacts during interpolation and consequently, erroneous interpretations if no suitable
corrections have been applied.
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Figure 3.4 Observations and prediction models of sunspot numbers from the US National Oceanic
and Atmospheric Administration (NOAA)(http://www.swpc.noaa.gov/SolarCycle). Monthly averages
(updated monthly) of the sunspot numbers show that the number of sunspots visible on the sun waxes
and wanes with an approximate 11-year mega cycle. The BASAR-09 survey was carried out during a
period of extremely low solar activity, which presented excellent conditions for the aeromagnetic
acquisition.

If the survey is located close to a base station site, the lines can be directly corrected for
diurnal variation. However, most of the offshore acquisition extends far away from land
stations and is then liable to experience different diurnal variations. Efficient statistical
algorithms and filtering are usually required to solve this issue and to ‘level’ in an acceptable
way all the magnetic profiles (see Chapter 4). The sunspot cycles strongly influence the
geomagnetic field and diurnals. The BASAR-09 was acquired during a relatively quiet
period. Solar cycle predictions suggest that 2009 was in a minimum of sunspot activity (Figs.
3.4, 3.5), thus providing relatively good magnetic conditions at the time of acquisition.
Nevertheless, due to the high latitude of the survey area, magnetic data can be locally
strongly influenced by variations in the Earth's magnetic field. Therefore, we applied several
steps of quality control to minimize the amount of data affected by these variations:
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e The daily flight-plan was made under consideration of the recorded Earth’s magnetic
field variations from base-stations in the area, e.g. Tromsg, Bjerngya and Sgrgya
(Recordings in  real-time provided by the University of Tromsg:
http://flux.phys.uit.no/).

e Data QC of every flight-day was carried out using base-mag data from these three
stations to classify the data quality and to plan possible repeat flights (Tab. 3.3).

e Tie-line levelling was carried out in conjunction with the recorded variations in the
Earth's magnetic field.

The diurnals for all flights are included in the database file delivered on the BASAR-09
archive CD. These plots ease the quality control of the acquired profiles. The data were
classified into two quality groups according to the magnetic diurnals:

Class | Criteria Profile length
1 <10 nT/10 min. Linear 74,300 km
2 10 — 30 nT/10 min. Linear 2,700 km
Total 77,000 km

Table 3.3 Results from data QC and the re-fly programme of BASAR-09.
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Figure 3.5 Diagram of the monthly mean values of the horizontal intensity of the geomagnetic field
(H) observed at the Tromsg Observatory from 1987 to 2010. This graph illustrates the good
correlation between the periodic and semi-periodic evolution of the field and sunspot activity. A
similar variation between the polynomial average of H and its running average illustrates the
average good magnetic conditions for aeromagnetic surveying during the period May-October 20009.
Geomagnetic data derive from Tromsg Geophysical Observatory (http://www.tgo.uit.no/aix).
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A total of c. 2700 line km was of intermediate quality (Fig. 3.6) and reflown at the end of the
acquisition. During the levelling process, all remaining effects from the background magnetic
field variations were further removed or reduced to a minimum.
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Figure 3.6 Profiles with locally intermediate quality due to strong diurnal variations (i.e. diurnal
variation between 10 and 30 nT per 10 minutes) were evaluated for reflying. The total length of
intermediate-quality data is 2700 km (i.e. 3.5 % of the total survey). The red lines mark the profiles
which were decided to be reflown.

To estimate the influence of the magnetic signature of the aeroplane, a magnetic heading test
(clover-leaf test) was carried out in October 2006 in the Hammerfest region for the SNAS-06
and BAS-06 projects. The magnetic signature of the aeroplane also includes 1) its permanent
magnetisation induced by its motion through the Earth's magnetic field, 2) a component due
to the flow of electric current within the plane, and 3) the orientation of the magnetic sensor
inside the bird. The permanent magnetisation of the plane varies as the plane changes its
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orientation, thus leading to heading errors. The maximum difference of magnetometer
readings in the four different directions as it turned out from this test was small: 1.2 nT. We
decided not to carry out another new clover-leaf test in 2009 and considered the effect as
negligible.

3.6 Gridding, map production, projection and archive CD

The Oasis montaj software (Geosoft 2004) was used throughout for the map production. This
software package has become a standard for many potential field experts in the mineral and
petroleum industry. All databases and grids in Geosoft format are provided on the BASAR-
09 archive CD. The grids are usually presented with a shaded relief technique (illumination
from the northeast) and a non-linear colour scale. Gridding was performed using the bi-
directional gridding technique with a grid cell size of 400 x 400 m (*/s of the inline profile
distance). Bi-directional interpolation produces a smooth grid while attempting to honour the
data as closely as possible. The interpolation is especially better adapted to elongated, very
narrow and high-amplitude anomalies which are not parallel to the profiles (e.g. onshore-
offshore Sgrgya and close to the shoreline). Presentation of the maps with the shaded relief
technique enhances lineaments that trend oblique to the illumination direction. Colour scale
and colour distribution for the datasets have been computed using a histogram equalisation
technique. These maps have been produced in the Universal Transverse Mercator projection
(UTM zone 36) using the WGS 84 datum. However, for the regional interpretation we used
the UTM 35 projection.

On the CD we provide an Oasis montaj Viewer and its tutorial for companies that do not use
Oasis montaj specifically. The Oasis montaj Viewer is a free and easy-to-use software that
allows anyone to view, share and print published Geosoft grid (.grd) and database (.gdb)
files. The viewer can also be used to convert grids and images to a variety of supported data
formats, including AutoCAD, ArcView, ER Mapper, TIF and many more. The free software
can also be shared and downloaded from
http://www.geosoft.com/pinfo/Oasismontaj/free/montajviewer.asp.

For specific questions on special needs, please do not hesitate to contact NGU (either
Marco.Bronner@ngu.no or Odleiv.Olesen@ngu.no).
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4 DATA PROCESSING AND PROFILE LEVELLING

Marco Bronner

RAW-magnetic data (Fig. 4.1) cannot be used directly for gridding and require a number of
processing steps before the production of the final aeromagnetic grid and the map of the total
magnetic intensity (TMI) for interpretation use. Noise filtering and statistical levelling
processing were carried out using the professional Oasis montaj software (Geosoft 2005b).
Micro levelling was performed using the MAGMAP FFT package from Oasis montaj
(Geosoft 2005a). The raw data have been processed using standard procedures and
methodologies used in many other geological surveys (Luyendyk 1997). The various
processing steps and standard procedures are outlined below.

4.1 Preliminary noise filtering and basic corrections

4.1.1 Noise filtering

High-frequency noise is usually created as the aeroplane is manoeuvring. After acquisition,
initial raw data were imported directly into an Oasis montaj database and subsequently
interpolated to a regular grid of 400 x 400 m cells, to check the quality of lines and tie-lines
(Fig. 4.1). Spikes due to minor noise and artefacts were first removed by non-linear (Naudy)
filtering and subsequently smoothed with a light low-pass filter (10 fiducials=500 m) in order
to keep the signal intact.

4.1.2 Systematic lag corrections

A systematic lag correction for the BASAR-09 data was tested but not applied as it did not
affect the data quality.

The TMI RAW data reflect the recorded magnetic field, including the Earth’s geomagnetic
main field and all disturbances. The data are dominated by the Earth’s geomagnetic field,
observable by the increasing magnetics to the northeast.

4.1.3 International Geomagnetic Reference Field (IGRF correction)

As part of the processing, the total magnetic intensity (TMI) field is computed from the
recorded magnetic field after subtraction of the International Geomagnetic Reference Field
(IGRF) model (Fig. 4.2). The IGRF is a mathematical representation of the undisturbed
Earth’s geomagnetic field. The change of the IGRF field in the BASAR-09 survey area is
about +57 nT per year, on average.
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The International Geomagnetic Reference Field for 2009 (IGRF-2009) was calculated using
the Oasis montaj IGRF tool (Geosoft 2005b). The result of this subtraction isolates the
component of the magnetic total field, which is dominated by the magnetic effects from the
underlying crustal rocks.
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Figure 4.1 BASAR-09 TMI RAW magnetic profile data (without levelling) gridded by means of the

minimum curvature algorithm (grid cell size at 400 x 400 m). Note that the artefacts are mostly
parallel to the line profiles due to diurnals. Projection UTM 36, WGS 84.
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Figure 4.2 The IGRF-2009 (formally 2005) model within the BASAR-09 survey area.

4.2  Levelling and micro-levelling of the magnetic profiles

4.2.1 Diurnal variation and use of base-magnetometer readings

As shown in figures 4.1 and 4.3, a variety of external, time-varying, field factors usually

influences and causes errors during aeromagnetic acquisition. This includes time variation in

the magnetic field, ground clearance variation, altitude variation, magnetic effects of

seawater swells and diurnal effects. These factors are usually sufficient to explain the errors

at crossover points between lines and tie-lines. The most complex and significant problem is

probably the diurnal variation of the Earth's magnetic field influenced by the solar wind (Fig.
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Figure 4.3 BASAR-09 IGRF-corrected total magnetic field of the TMI RAW data.

2.6). At polar latitudes, the most famous and spectacular expression of these diurnal effects is
the aurora borealis, known to be caused by the collision of charged particles (e.g. electrons)
in the magnetosphere with atoms in the Earth's upper atmosphere. Diurnal variations in the
magnetic field can cause tie-lines and regular survey lines to have different readings at the
intersections. Even if they are small, these long-wavelength effects can be visually
distracting, particularly on image-enhanced displays. Such misfits can produce artefacts
during interpolation and, consequently, erroneous interpretation if no suitable corrections
have been applied.

The most important reason for this is the time shift in the Earth’s magnetic field variations
between the large survey area and the onshore base station. There is normally a spatial
difference in amplitude and frequency of these diurnals. However, for the BASAR-09 survey,
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two base magnetometer stations of the Tromsg Geophysical Observatory were situated within
the survey area: Bjerngya in the north and Sgrgya in the south. During statistical levelling the
tie-line data and base-magnetometer records of the closest station were tested for a noticeable
diurnal effect, and lines with an obvious correlation were tentatively corrected by subtracting
a 20 km low-pass filtered signal of the corresponding base-magnetometer records.

Tie-line number
Bjorngya base-magnetometer corrected 5000 — 5340, 5470 -5490
Sergya base-magnetometer corrected 5690 - 6020
No correlation with base-magnetometer records 5350 -5460, 5500 - 5680

Table 4.1 Overview of tie-line corrections with lowpass filtered records from base-magnetometers in
Sgregya and Bjgrngya. If no correlation was found, only statistical levelling was applied.

This technique was beneficial to the data quality for tie-lines in the northern and southern
parts of the survey area, but did not work for some tie-lines in the north and in the central part
of the area, where the time-dependence of the field variations was too large (Tab. 4.1). Here,
only statistical levelling was applied.

4.2.2 Statistical levelling

The purpose of levelling is to minimise the residual differences in a coherent way by
proportioning them between lines and tie lines. Proper levelling or micro-levelling algorithms
usually require close and proper line spacing, and the quality of the final result is generally a
function of this crucial parameter. The large line spacing of previous surveys did not allow
proper levelling, and interpolation of raw data produced erroneous or factitious anomalies.
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Figure 4.4 a) Statistical tie levelling of the magnetic profiles and b) additional basemag corrected tie-
lines (Sergya (red rectangular) and Bjgrngya (green) basestation corrected). Gridding of the tie
profiles used the minimum curvature algorithm (grid resolution: 400 x 400 m).

For this project, levelling was undertaken using a standard statistical levelling method of the
tie-lines and survey lines, provided as part of the Geosoft Oasis montaj package (Geosoft
2005a). The new aeromagnetic survey was processed using a statistical levelling method by
which the discrepancies between the readings at each crossover point were reduced by
systematically proportioning them between the tie and line profiles. ‘Suspicious’ crossover
differences (outliers) were first removed manually before levelling and full-levelling of the
tie-lines and line profiles. After the described base-magnetometer correction for almost all
tie-lines, a first-order (linear) trend removal was applied during the tie-line levelling, but for a
few lines in the central part of the survey an additional tension spline (b-spline) correction
was necessary after several preliminary tests. Line levelling was carried out using only first
order detrending (Fig. 4.5). Extreme mis-tie values (outliers) were checked and removed
again manually before calculating the next full-levelling correction, until convergence was
achieved.

The final result has to be considered as the best compromise between the removal of levelling
errors and anomaly preservation.
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Figure 4.5 Full levelling of the magnetic data. Gridding of the profiles used the minimum curvature
algorithm (grid resolution: 400 x 400 m).

4.2.3 Micro-levelling

We performed micro-levelling to remove minor (‘micro’) levelling errors still remaining
along parts of some profiles after the statistical levelling. To improve the levelling, the
Geosoft micro-levelling approach using the PGW GX system of the available MAGMAP
processing package (Geosoft 2005a) was used. It proved to be better adapted to preserve
geological information for this specific case where the remaining levelling errors are
irregularly distributed. The PGW GX system applies a decorrugation process in the
frequency domain to isolate the levelling corrections before applying them to the original
data (Figs. 4.4a and b). The BASAR-09 data have been decorrugated to reduce line-to-line

42



NGU Report 2010.056 BASAR-09 Project

levelling errors, which are visible as linear magnetic features parallel to the flight lines (Fig.
4.5). Decorrugation is simply a frequency domain procedure based on a directional cosine
filter. This filter retains anomalies, from gridded data, in the flight line direction only. First, a
Butterworth high-pass filter is set to four times the line spacing to pass wavelengths on the
order of two to four line separations. Such a process results from a line-to-line levelling error.
In a second step, a directional cosine filter is set to pass wavelengths only in the direction of
the lines. Afterwards, a line-based filter was used to separate the high-frequency geological
signal from the longer wavelength levelling errors.
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Figure 4.6 a) TMI field after micro-levelling and b) magnetic residual after micro-levelling by
decorrugation and subtraction of the total field obtained by statistical levelling (400 x 400 m grid cell
spacing).

A Naudy, non-linear, low-pass filter was finally applied to clean the levelling error channel.
The micro-levelling result was obtained by subtraction of the magnetic residual levelling grid
(Fig. 4.6b) from the original dataset (Fig. 4.4a). The subtracted field is mostly rather small in
a range of appr. £2 nT. Only locally and in the onshore regions, where the amplitudes are
much higher, were larger values subtracted from the original field.
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Figure 4.7 a) BASAR-09 total magnetic field from both tie-lines and in-lines after micro-levelling.
Results from the FFT decorrugation technique of Geosoft. The 400 x 400 m grid was produced using
the minimum curvature gridding algorithm. b) Vintage NGU-69,NGU-70 and BAMS-85 data (Olesen
et al. 2010).
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5 FINAL MERGER AND COMPARISON WITH PREVIOUS COMPILATION

Marco Bronner

5.1 Merger of the BASAR-09 grid with the former regional grid

With the completion of covering the entire southern Norwegian Barents Sea with new and
state-of-the-art aeromagnetic data, we assembled a new compilation by merging every single
survey together from scratch. For merging we used the INTREPID software GridMerge,
which allows merging multiple grids in a selected order, considering the quality and
resolution of the various surveys. The BASAR-09 grid has been merged with the pre-existing
surveys of the Norwegian Barents Sea and mainland Norway:

«  BASAR-09

+  BASAR-08
BAS-06

+  HRAMS 97/98
 SPA-88

+ BSA-87

+  NGU-70

+ NGU-69

*  Norway mainland

The grid-merge of data with different quality can locally decrease the resolution of high-
quality datasets (in particular in the overlapping areas). For local interpretation and
modelling, we consequently recommend using the original BASAR-09 grid. The compilation
grid can only be provided to the partners that also purchased the vintage NGU magnetic
datasets, which were used for this compilation.

45



NGU Report 2010.056 BASAR-09 Project

6 8 10 14° 16* 18 20° 22* 24 26* 28° 30 32" 34 36° 38° 40°
. > ! L o M ! - X . £ ~ : T y
R~ / et 2 [ SIS I | \ \
REE=:
A o \
b3
ﬁ '
\
I
s
": 5
| ™! ngqlltllm
{
N
N
R‘.
3
R- .
Al
| 50000 | 50000
/ :
| (meters)
| EDS0/UTM zone 34N L2
8: —t L. L 1 1 L B i AL ,,l;
14° 16" 18" 20 22 24" 26" 28" 30" 32

Figure 5.1 Updated regional compilation with BASAR-09 and previous BASAR-08, BAS-06, HRAMS-
97/98, BSA-87 SPA-88, NGU-69 and -70 and mainland data (Am 1975, Skilbrei et al. 1990, Skilbrei
1991, 1992, 1993, Olesen et al. 2006, 2010, Bronner et al. 2009).
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Figure 5.2 Regional compilation using vintage NGU data (Am 1975, Skilbrei et al. 1990, Skilbrei,
1991, 1992, 1993, Olesen et al. 2006, 2010).
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5.2 Comparison with the previous compilation

A comparison between the new compilation, including the most recent surveys HRAMS-97,
BAS-06, BASAR-08 and BASAR-09 and the vintage dataset reveals a significant
improvement in data quality and resolution (Figs. 4.7a, b, 5.1 and 5.2). Some principal
anomalies, such as the Stappen, Loppa, Norsel and Mercurius highs and the Western
Varanger Graben, remain similar but in the new dataset additional small-amplitude features
are revealed and the principal structures appear much more differentiated and more coherent.
The extension of the basins appears sharper and the signature of the shallow salt structures,
especially in the Nordkapp Basin but also in the Tromsg and Hammerfest basins, is much
more coherent. The HRAMS-97/98 data with only 1000 m line spacing map the western
flank of the Tromsg Basin and the Senja Ridge remarkably well and show a lot of shallow,
probably intrasedimentary structures. In the BASAR-09 and BASAR-08 area, and even more
so in the BAS-06 area, various magnetic lows and some smaller magnetic highs are much
more pronounced than in the vintage datasets.

For the Stappen and Loppa highs the new dataset shows much more details and an improved
image of the existing features. For example a magnetic lineament east of Bjgrngya runs
continuously into the Stappen High, while the connection between the Stappen and Loppa
highs appears narrower. North of this connection, two NNE-SSW-striking lineaments can be
observed from the new data, which are likely to correlate with the Leirdjupet Fault Complex
previously observed on seismics. The longish, tail-like, magnetic high running north—
northwest from the Norsel High appears to be narrower and more continuous and isolated
from the adjacent areas than before. Just to the east, a distinct magnetic low runs almost
parallel to this structure continuously into the central Nordkapp Basin. Moreover, the
previously undifferentiated magnetic high south of the southern Nordkapp Basin shows
lineament features and a possible trisection. Furthermore, the new datasets also reveal
lineaments passing through and around the Tromsg, Hammerfest and Nordkapp basins and
on the Finnmark Platform along the northern Norwegian coast, which are likely to be fault-
and/or dyke-related. Some of these lineaments were already mapped from other datasets like
reflection seismics or gravity, and here the new magnetic data can be helpful to complete or
refine the picture of their geometry. Other structures are completely new, as e.g. a lineament
trending WSW-ENE and crossing almost the entire BASAR-08 survey area and into the
BASAR-09 area.

The acquisition of the new data during the last four years also, and in particular wanted, to
close the gap between offshore and onshore observations to allow a combined interpretation
and correlation of the onshore geology of Finnmark and Troms with the offshore regions on
the Finnmark Platform and beyond. A number of additional linear features, which can be
linked with structures observed onshore could be followed into offshore regions and were
thus allowing a better onshore-offshore correlation and provide a better basis for the
interpretation of particular features.

48



NGU Report 2010.056 BASAR-09 Project

6 OTHER DATASETS

Marco Bronner

6.1 Bathymetry

The bathymetric grid used in the present study is a NGU compilation and gridding of several
ship-track bathymetric profiles available along the study area (Olesen et al. 2010). All the
profiles have been levelled using the moving median filtering method (Mauring et al. 2002,
Mauring & Kihle 2006).

6.2 Gravity

The gravity grid was compiled from gravity stations on mainland Norway with the addition of
marine gravity data from the Geological Survey of Norway, the Norwegian Mapping Authority,
the Norwegian Petroleum Directorate, and Norwegian and foreign universities and commercial
companies (Olesen et al. 2010). The compiled Free-air dataset has been interpolated to a square
grid of 2 km x 2 km using the minimum curvature method (Geosoft 2005a). The simple
Bouguer correction at sea (Mathisen 1976) was carried out using the bathymetry data and a
density of 2670 kg/m2. The International Standardization Net 1971 (1.G.S.N. 71) and the Gravity
Formula 1980 for normal gravity have been used to level the surveys (Fig. 6.1).

6.3 Seismic data

Seismic reflection profiles provided by the Norwegian Petroleum Directorate were combined
with gravity and magnetic data for interpretation and modelling. The seismic data were only
available in two-way travel times. For the potential field modelling, a depth conversion was
necessary and carried out by NGU using EasyDepth™ from Beicip Franlab (Beicip-Franlab
2002). The resulting depth models were directly imported into the GM-SYS package and
used for potential field modelling.

The interpretation of four regional transects, expanding the original survey area, has been
realised during this work. We used key horizons presented in the previously published reports
and papers and also used well information provided by NPD to constrain the geological
model. A detailed description of the depth conversion and potential field modelling is
presented in chapter 11.
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Figure 6.1 Bouguer gravity of the southern Barents Sea (reduction density 2.67 g/cm3).
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7 CONVENTIONAL FILTERING TECHNIQUES

Marco Bronner

Affirmed development of the interpretation theory is usually associated with many case
studies of successful application of seismic methods combined with filtered gravity and
magnetic data in solving problems in exploration and structural geology. During the
interpretation of the BASAR-09 survey, potential field techniques have been used intensively
as complementary tools for the interpretation of the survey area. It was also a good way to
test the validity of other geophysical models and was extremely beneficial for the seismic
interpretation. Relevant filtering has been carried out in order to enhance the main structural
changes and linear features observed within the BASAR-09 study area.

The aim of this section is to briefly present and discuss the different processing techniques
used to enhance and model the magnetic data across the BASAR-09 survey area. Specific
and preliminary interpretations based on these grids will be presented in another part of the
present report (Chapters 10, 11 and 12).

7.1 Wavelength filtering, RTP and derivatives

Magnetic (and gravity) anomalies whose wavelengths are long relative to the dimensions of
the geological objectives of a particular investigation are called regional anomalies. Because
shallow geological features can have large lateral dimensions, one has to be careful, but
regional anomalies are usually considered to reflect the effects of relatively deep features.
Anomalies whose wavelengths are similar to the dimensions of the geological objectives of a
particular investigation are called local anomalies. In the processing of magnetic data, it is
beneficial to separate the regional and local anomalies prior to interpretation. Magnetic
anomalies observed within the BASAR-09 survey area show the superposition of various
sources, reflecting the regional field, noise and lateral magnetic variations within the crust
and upper mantle (e.g. Blakely 1995). Measured gravity anomalies, therefore, represent a
combination of wavelengths associated with the spatially distributed sources.

During the BASAR-09 project, a number of transformation methods were used after data
levelling in order to enhance the main structural and magnetic features. These techniques,
used to separate regional from local gravity anomalies, take many forms and can all be
considered as filtering in a general sense (Blakely 1995). Many of these techniques are the
same as those employed in enhancing traditional remote sensing imagery, seismic data or
processing digital elevation data (Milligan 1998, Mari et al. 2001).

Filters have been applied to the BASAR-09 gridded anomalies which enable us to isolate,
interpret and/or enhance the wavelengths of greatest interest, therefore facilitating geological
interpretations (e.g. Blakely 1995). The magnetic (and/or gravity) gridded datasets can be
transformed from the space domain into the spectral domain and vice-versa using the Fast
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Fourier Transform (FFT). Transformation of the gridded data into the frequency domain is
completed by application of a discrete 2D Fourier transform (DFT) (Bhattacharya 1966;
Blakely 1995).

For spectral analysis we used the Geosoft MAGMAP Discrete Fourier Transform algorithm
(Geosoft 2005c), which applies the method of Bhattacharyya (1966). The DFT algorithm
works fast by exploiting symmetries that are present for images of certain dimensions. The
algorithm implemented by Geosoft in Oasis montaj is explicitly the Winograd DFT
(Winograd 1978, Geosoft 2005c). This FFT transformation requires that the image fills an
entire rectangle, a condition not met by the BASAR-09. Therefore, any survey gaps or
irregular edges will also need to be filled with synthetic data. The edge matching and the gap
filling were achieved using the maximum entropy algorithm (Burg 1975).

7.2 Reduction to the pole (RTP)

The magnetic data were reduced to the pole to properly register and locate the magnetic
anomalies spatially above the magnetic bodies within the crust. The RTP is a process
involving a phase transformation of the magnetic anomaly, within the Fourier domain. The
measured total field anomaly is transformed into the vertical component of the field (Arkani-
Hamed 1988, Blakely 1995). The assumption, following this transformation, is that the
magnetic anomalies had been magnetised vertically at the pole and that the anomalies are
observed from the pole. Key assumptions are that the magnetisation of the source is entirely
due to induced magnetisation. Therefore, the phase of the anomaly is transformed into
simpler symmetrical shapes that are assumed to lie directly over the magnetic sources
(Blakely 1995).

This assumption is essential for future mapping and analysis of the magnetic anomalies
because it is assumed, when applying edge enhancement, that the causative field is vertical.
Consequently, some workers agree that the RTP correction should be carefully considered.
Moreover, it is assumed that both the magnetic field and the magnetisation of the crust have
constant directions within the study area (Arkani-Hamed 2007). The RTP filtering is also
limited for large surveys because each RTP equation does not consider the synchronous
variation of both inclination and declination. Each transformation only considers one value
for inclinations and declinations. Even if only minor changes can be observed in the BASAR-
09 at the Barents Sea latitude, the process is usually recommended for the application of
magnetic data, and makes magnetic maps more reliable for geological interpretation by
removing some of the inherent complexity (Blakely 1995).
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Figure 7.1 Gridded anomaly map of the total magnetic field reduced to the pole (Incl: 79°; Decl: 8°).
The RTP transformation was carried out using a 2D-FFT filtering along the microlevelled grid (400 x
400 m). The RTP correction transforms the anomaly into the one that would be observed with vertical
magnetisation and with a vertical Earth’s field, i.e. the anomaly that would be observed if the sources
were located at the Earti’s magnetic north pole. As a result, reduction to the pole removes
asymmetries caused by the non-vertical inducing field and places the anomalies more directly over
their causative bodies, thus facilitating the interpretation of the magnetic dataset. For the Barents Sea
latitude these changes are relatively small.

For BASAR-09 the RTP correction was carried out using an average value for inclination and
declination within the study area, derived from the IGRF model (Fig. 7.1). The corrections of
the survey are rather small due to the high latitude.
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7.3 Wavelength and continuation filtering

Wavelength filters are a common tool in helping to distinguish and to delineate shallow
crustal features of shorter wavelengths from the regional field and support a more accurate
interpretation of sedimentary rock tectonics and basement structures.

The regional anomalies can be estimated employing a variety of analytical techniques,
including high-pass and low-pass filters (Fig. 7.2). The magnetic data were most useful for
determining the presence, trends and depth of intrusions, faults and basement structures.
High-pass filtering of the data at 30 km was used to highlight fault structures, salt diapirs and
lineaments, which are most likely related to basement variations and/or intruded material in
the upper basement and overlying sedimentary strata (Fig. 7.2a). Figure 7.2b shows the
corresponding 30 km low-pass filtered dataset, which represents predominant basement
variations, as well as faults with a more regional impact.
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Figure 7.2 a) High-pass filtering (30 km) of the magnetic total field. This filter underlines the
distribution of the short wavelengths. B) Low-pass filtered data (30 km) showing the corresponding
residual field. Grid cell size is 400 x 400 m.
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Upward continuation is a low-pass filtering process simulating the result of the survey as if it
had been carried out at a higher elevation (Fig. 7.3). This process is based on the physical fact
that the further the observation is from the body causing the anomaly, the broader is the
anomaly. The technique provides an excellent integrated view of the deeper magnetic settings
undistorted by the local, high-amplitude and high-gradient anomalies of the magnetic sources
in the shallow portion of the subsurface.

Upward continuations to 5 and 20 km have been used to provide indications about the main
magnetic and tectonic units in the area. From the 5 km upward continuation map (Fig. 7.3a)
the predominant role of the Stappen and Loppa highs is underlined, as can also seen in the
low-pass filtered data (Fig. 7.2b).
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Figure 7.3 Upward continuations of the magnetic total field to a) 5 km and b) 20 km, respectively.
Upward continuation uses wavelength filtering to simulate the appearance of potential-field maps as
if the data had been recorded at a higher altitude. Large-scale regional anomalies and the main
crustal patterns are revealed by this process.
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On the 20 km upward continuation filter (Fig. 7.3b), however, the narrow connecting
magnetic high between the Loppa and Stappen highs, here referred to as the 'catwalk’, is still
pronounced and thus must be seen as a very deep and regional structure, similar to the two
basement highs.
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8 ENHANCEMENT OF TREND USING STRUCTURAL FILTERS

Marco Bronner

The purposes of this chapter are 1) to show the benefit of derivative and normalised filters in
investigation of the structural setting in the survey area; 2) to evaluate the images produced
by several enhancement techniques for lineament mapping; and 3) to prepare structural and
depth to magnetic basement estimation maps (lineament) based on magnetic data
interpretation. Some newly discovered lineaments and features might subsequently be used as
a reference for future geological mapping, interpretation or re-interpretation.

8.1 Derivative filters

Derivatives of the magnetic total field and its analytical signal have been computed within
this study to enhance short-wavelength features and the main lineations. Computation of the
three orthogonal derivatives, (X, y, z) within potential field modelling is considered as a
universally applicable and basic processing step (Thurston & Brown 1994, Blakely 1995,
Nabighian et al. 2005).

8.1.1 Vertical derivatives

Vertical derivatives (VDR) were used to enhance localised near-surface sources and trends,
and to improve source resolution, assuming high-quality data (Figs. 8.1 and 8.2).

Transformation of potential field data into a derivative map enhances edges or contacts by
placing anomaly maxima at the point of the maximum horizontal gradient identified within
the x- and y-orientations of the grid. The key assumptions made when transforming gravity
and magnetic field data into the three orthogonal derivatives are that: (1) the potential field
measured at the surface is the vertical component of the field (for gravity); (2) the lithological
contacts giving rise to the anomalies are abrupt, near-vertical and isolated from other sources.
The first assumption is essentially true for gravity and for magnetic data reduced to the pole
(Blakely 1995). In reality, however, geological contacts are rarely vertical, and density and
magnetisation can vary in all directions in a geological unit. Computation of the first vertical
derivative (FVD) has been referred to as a pre-processing step, particularly before the
interpretation of the Euler and analytical signals (see Chapter 9).

The FVD does, however, help to map and interpret magnetic lineaments and structural
elements as it highlights the edges of lateral changes in the observed magnetic field. From the
FVD (Fig. 8.1) the high-amplitude lineaments in the south, for example, are better
pronounced as well as the volcanic intrusions in the Vestbakken volcanic province (VVP).
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Figure 8.1 First vertical derivative obtained by convolution along the magnetic total field, reduced to
the pole and gridded with a cell size of 400 m using minimum curvature. The vertical derivative of an
anomaly is related to the depth and geometry of the causative body. The gradient operator attenuates
broad, more regional anomalies and enhances local, more subtle, magnetic responses and, as such, is
sensitive to shallow magnetic source bodies and contacts.

The rounded shape structure of the Stappen High appears much more differentiated, which
allows a more accurate interpretation. The catwalk appears to be subordinate in the FVD,
which points to a deep-seated structure at the base of the Bjgrngya Basin.

Computation of the second vertical derivative (SVD) (Fig. 8.2) as described by Blakely
(1995) can be unstable. The second vertical derivative, or rate of change of the fall-off rate of
an anomaly, may be considered equivalent to a residualisation of the data and is a common
tool delineating source bodies. To stabilize the calculation and to suppress high-frequency
noise and emphasizing contact features of various wavelengths, different low-pass filters
were applied during the calculation. Figure 8.2 shows the SVD of the TMI data low-pass
filtered with 2 km (a) and 5 km (b). Figure 8.2a is significantly affected by high-frequency
noise due to the line character of the
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Figure 8.2 Second vertical derivative (SVD) obtained by convolution along the magnetic total field
reduced to the pole. The data were low-pass filtered with a) 2 km and b) 5 km cut-off to suppress
high-frequency noise and to highlight contact features of different wavelengths.

data acquisition, but nevertheless it emphasises the different magnetisations of the shallower
sources such as quite a few lineaments in the onshore-offshore region.

From the SVD, the southern flank of the Hammerfest Basin and the eastern flank of the
Tromsg Basin are well defined, as well as the northwestern and eastern boundary of the
Bjerngya Basin. The predominant NE-SW trend of the magnetics on the Finnmark Platform
is noticeable, whilst crosscutting NW-SE-striking lineaments are emphasised. Furthermore
the SVD reveals different magnetic characteristics of the Stappen and Loppa highs. Whereas
the Stappen High shows rather concentric magnetic anomalies, the magnetic signature of the
Loppa High is much more irregular, which might point to different evolutions of these
basement highs. Applying different low-pass filters can also provide hints of the development
of different structures with depth.
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8.1.2 The horizontal derivatives

The horizontal derivatives (HDR) can be used to predict the locations of major basement
structures or sedimentary rock tectonics, igneous bodies and changes in basement grain
(Grauch & Cordell 1987, Gunn 1997).

Similar to the way the first directional derivative defines the slope at any point on the surface,
the terrain slope filter has been applied to calculate the slope at any grid node of the BASAR-
09, the so-called horizontal gradient magnitude (HGM) (Fig 8.3). Grid files of the terrain
slope can produce contour maps that show isolines of constant steepest magnetic slope. For
any particular point on the surface, the HGM is based on the direction of steepest descent or
ascent of the magnetic field at that point. This means that across the surface, the gradient
direction can change. This operation is similar to the way the first directional derivative filter
defines the slope at any point on the surface, but is more powerful as it automatically defines
the gradient direction at each point on the map.

The HGM aided in defining the location of linear features which, in turn, are related to the
trends of the lineaments in the area. It produces maximum ridges over edges of magnetic
basement blocks and faults or other magnetic bodies.

8.1.3 Analytic signal

The analytic signal combines calculated first derivatives in the x, y and z directions. The
technique creates peaks over the edges of wide magnetic bodies and the centres of small
bodies. The concept of the analytic signal applied to magnetic anomalies was developed in
two dimensions by Nabighian (1972) based on a concept initially proposed by the Frenchman
Ville in 1948.

A common theme of the normalised derivatives is the concept of mapping angles (or
functions of angles) derived from the gradients of the magnetic intensity.

The resulting shape of the analytic signal is expected to be centred above the magnetic body
(Fig. 8.4). This has the effect of transforming the shape of the magnetic anomaly from any
magnetic inclination to one, positive, body-centred anomaly, at least in 2D (Nabighian 1972).

The main advantage of the total gradient over the HGM is its lack of dependence on dip and
magnetisation direction, at least in 2D. When interpreting the analytic signal it is assumed
that the causative sources are simple near-vertical or step-like geological structures (Roest et
al. 1992, Roest & Pilkington 1993). Therefore, the 2D analytic signal has significant
advantages over the simple derivatives and this application was utilised to map changes in
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Figure 8.3 Horizontal gradient magnitude (HGM) of the BASAR-09 dataset, reduced to the pole. After
the reduction-to-pole correction, a magnetic body is spatially more directly associated with the
related magnetic response. The horizontal gradient magnitude of the anomaly slope is then located
near or over the body edge; i.e., the horizontal gradient operator, in map form, produces maximum
ridges over edges of magnetic basement blocks and faults or other magnetic bodies. In addition, the
horizontal gradient highlights linear and round-shaped features, related to magnetic contacts, in the
dataset.

basement structure, fabric and trends. Synthetic modelling has proved that the maxima of the
analytic signal are located over the edges of anomalous sources (Roest et al. 1992). This
simplification of the potential field, however, results in the compromise whereby during
computation the sign of the original gravity and magnetic field is lost. Therefore, it cannot be
determined whether the analytic signal anomaly represents a positive or a negative density or
magnetic susceptibility contrast compared to its surroundings.

For large-scale magnetic surveys like the BASAR-09 or for shallower depths of causative
bodies, the analytic signal method provides a useful and fast way of delineating magnetic
boundaries in the subsurface (Fig. 8.4).

The analytic signal has been utilised widely for the mapping of structures and for determining
the depths of sources (Pilkington et al. 2000, Florio et al. 2006).
61



NGU Report 2010.056 BASAR-09 Project

14° 16° 18° 20° 220 24°
-50000 0 50000 100000 150000 200000 250000

100 000
Tretors)

WSS 847 U zone S0
A\ Magnetic basestation UT

8350000 8400000
00005€8 000008

74"

8300000
00000€8

8200000 8250000
0000528
B3

0000028

8150000
0000548

8100000

720

BASAR-08
0 0000018

8050000

8000000
I

7950000
I
0000562 0000008 0000508
2L

7900000

70°

7800000 7850000

000008L 000058

-50000 0 50000 100000 150000 200000 250000
18° 20° 22° 247 26°

[
-0056 -0028 -0015 -0004 0005 0011 0018 0025 0033 0041 0053 0077

BASAR-09 - analm("ﬁad signal from TMI

Figure 8.4 Analytic signal of the magnetic total field grid, reduced to the pole (400 x 400 m cell size,
normalised colour distribution).

8.1.4 Tilt derivative (TDR)

The tilt derivative filter (TDR) is another powerful and normalised derivative tool for shape
and edge detection (Figs. 8.5). The result is strongly peaked along the maxima of the
horizontal gradient. It gives a much sharper definition of the magnetic contacts than the
horizontal gradient map.

For the BASAR-09 interpretation, this filter is particularly useful in identifying dykes or dyke
swarms in the Barents Sea and onshore in the Troms-Finnmark area, lineaments of shallow
origins. The tilt derivative confirms the predominant NE-SW strike of the lineaments
offshore mainland Norway. In addition, some cross-cutting NW-SE trending features are
observed. The major basins Hammerfest, Tromsg and Bjgrngya are expressed by extended
magnetic lows and salt diapirism is locally visible in the Tromsg and Bjerngya basins, while
the Svalis Dome is also easily detectable.
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The short-wavelength anomalies within the Vestbakken volcanic province are decernable by
scattered structures, but also by two NE-SW-striking, non-continuous lineaments west of
Bjegrngya. In the western corner of the survey area, randomly scattered anomalies might
indicate the presence of sills within the sedimentary succession.

In the southern part of the survey area, a few NW-SE-striking lineaments are visible south of
the Hammerfest Basin, indicating thrusts or dykes, and show a similar trend to that observed
onshore Finnmark from the BASAR-08 project (Bronner et al. 2009).

The TDR is defined in terms of the ratio between the first vertical derivative of the potential
field and its total horizontal gradient of the field (Miller & Singh 1994, Verduzco et al. 2004,
Cooper & Cowan 2006).
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Figure 8.5 Tilt derivative of the magnetic total field. The tilt derivative (TDR) is an alternative
method for deriving the maximum gradient anomalies associated with magnetic contacts.

The TDR is restricted to values in the range +n/2 >Tilt > -n/2, and can be considered as an
expression of the vertical derivative normalised by the total horizontal derivative. This
measure has the property of being positive over a source and negative elsewhere (Fig. 8.5).
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The tilt filter technique tends to enhance mapping of the subtle magnetic anomalies and
maximises the geometrical contrast of the internal basin structure (partly constrained by
seismics). The tilt angle was compared with other edge detection methods such as the
horizontal gradient, the second vertical derivative and the analytic signal, and has been found
to have the added advantage of responding well to both shallow and deep sources within the
BASAR-09 area. Combined with the 30 km high-pass wavelength filter, results were
particularly useful for the structural interpretation of the BASAR-09 dataset.
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9 ESTIMATION OF MAGNETIC DEPTHS

Marco Bronner

9.1 Implications

Depth to magnetic source calculation is a challenging and important task in magnetic
interpretation. A complete and quantitative interpretation of potential field data aims at
estimating information about the depth, dimension and contrast of the relevant geological
units. Magnetic depth estimates are often a reasonable approximation to depth to the
magnetic basement (i.e., metamorphic, igneous, oceanic), and the crystalline basement depth
(or alternatively, the sedimentary thickness) is a primary exploration risk parameter.
Furthermore, estimating basement depths are directly applicable to thermo-kinematical
modelling and thermal maturity applications (e.g., heat-flow estimation, source-rock burial
depth, distribution and volume).

It is noticeable, however, that such an interpretation of depth to basement suffers from an
inherent ambiguity. As a matter of fact, it is not possible to obtain all three types of
information simultaneously without other a priori information (e.g., the geological context or
seismic data). These methods usually work for simplified source geometries (dimensions)
and are most of the time independent of the susceptibility contrast. The depths estimated by
some methods can be used as the final, quantitative solution in some ideal situations (i.e.,
where the anomaly is well isolated and the noise is insignificant or removed).

In this chapter, we present the results obtained using the 3D-located Euler deconvolution of
the magnetic total field.

9.2 Euler deconvolution

The Euler method uses Euler's homogeneity equation to construct a system of linear
equations, and then determines, through a least-squares inversion for one window, the
(vertical and horizontal) position of a single source for a given source geometry (Reid et al.
1990). Euler deconvolution was first presented by Thompson (1982) for profile data and by
Reid et al. (1990) for gridded data.

The method requires the use of the calculated horizontal and vertical derivatives of the
magnetic field. Thompson (1982) called the fall-off rate (i.e., the negative of the degree of
homogeneity) the structural index (N). Synthetic tests (Silva & Barbosa 2003, Keating &
Pilkington 2004, Stavrev & Reid 2007) indicate (1) that the Euler method can locate the
outline and depth of a variety of simple geometrical shapes; and 2) that the structural indices
will cluster and determine the best structural interpretation. Although detailed as vertical
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contacts, faults with a large throw may be best displayed with a structural index of zero
(Table 8.1).

Euler's homogeneity equation is valid for bodies of arbitrary shape, characterised by these
indices. In practice, the Euler method assumes idealised structures such as contacts, thin
sheets (dykes), vertical or horizontal cylinders and a 3D sphere. In this section of the report
we therefore briefly describes the theory, advantages and limitations behind the technique
and presents its applications for the BASAR-09 survey.

Structural Magnetic field Gravity field
Index

0 contact sill/dyke/step
0.5 thick step ribbon

1 sill/dyke pipe

2 pipe sphere

3 sphere

Table 9.1 Summary of the structural indices for simple geometric models from magnetic or gravity
anomalies (Reid et al. 1990, Marson & Klingele 1993, Bainbridge et al. 2002).

Euler 3D deconvolution is a semi-automated technique enabling rapid qualitative
interpretation and depth estimation of source depths from large gridded gravity and magnetic
datasets (Reid et al. 1990, Barbosa et al. 2000, Pilkington et al. 2000, Hsu 2002,
Mushayandebvu et al. 2004, Florio et al. 2006). The technique has considerable advantages.
1) It can operate on large datasets extremely quickly; 2) provide a qualitative interpretation of
geological structures; 3) provide depth estimates for the sources of the anomalies; 4)
magnetic data do not need to be reduced to the pole (Reid et al. 1990); and 5) it is also
insensitive to magnetic inclination, declination and remanence since these become part of the
constant in the anomaly function of a given model.

9.3 Interpretation of the structural indices

Careful consideration of the distribution and clustering of Euler solutions is, however,
required to discriminate which solution best represents the causative source at depth within
the crust. Although in theory, interpretation of the Euler solutions requires no prior
geological knowledge, Reid et al. (1990) acknowledged that this can be significantly
beneficial. Reid et al. (1990) claimed that the choice of structural index remains the prime
limitation of the traditional Euler technique. This and other limitations arise as a product of
some of the simplifying assumptions of the technique, which assume that the source is (1)
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equivalent to a simplified geometrical feature, (2) spatially homogeneous, (3) independent of
neighbouring magnetic sources and (4) has a heterogeneous magnetisation or density.

In the BASAR-09 survey, as in the entire Barents Sea, most of the geological structures are
most likely arbitrarily shaped sources, and are therefore not simply modelled or defined by
the structural index. The fact that the sources may not be internally or spatially homogeneous
(i.e. the magnetisation and shape of the source change with depth or along strike), or the
source-to-observation distance increases (thus, the anomaly shape changes with depth) or
other sources impinge on each other’s spatial positions, are inherent sources of scatter (Reid
et al. 1990, Keating & Pilkington 2004). Consequently, it is necessary to examine a number
of structural indices to compare results and clustering of solutions for several individual
features. Alternatively, in such situations, geological constraints from external data sources
would be beneficial to the interpretation of the BASAR-09 dataset in the future.

Complexities also arise with respect to the depth of burial of the source. Ravat (1996) noted
that there was a strong inter-dependency between the choice of the structural index and the
distance of the source-to-observation, and that with increased distance the results were biased
towards the higher structural indices, explained by the exponential decay of a source anomaly
with depth. It can be predicted that with increasing depth the attenuation rate of the anomaly
is less; deeper sources may therefore only be represented by higher values (Ravat 1996). The
relationships between the source type and the observation level are considerably altered
following upward continuation of the observation level, thus increasing the possibility of
mis-identification of the true structural index (Ravat 1996).

For this report we decided to apply Euler deconvolution to the recompiled new magnetic grid
of the western Barents Sea to obtain a better and comprehensive overview of the depth-to-
basement features we can get from the Euler deconvolution. We found some correlation with
the main trends, which were independent of the SI. Lineaments associated with faults and
mafic intrusions revealed both shallow and deep Euler solutions, which could give
indications of the angle of dip, depth and the geotectonic impact of the different structures.
Contacts with salt diapirs yielded a magnetic anomaly marking the outline of the salt
structures and produced Euler solutions of rather shallow depth. Some major features, which
are likely to be related to basement structures, produced a stable distribution of Euler
solutions. A final comparison with seven wells, where basement was penetrated at depth,
shows similar or greater depths from the Euler deconvolution with SI1=0.5.

A detailed presentation of the results is given in Chapter 9.4.
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9.4 Located 3D Euler method

Euler deconvolution usually assumes a ‘moving window’ technique (Reid et al. 1990). This
standard technique produces a mathematical solution for each position of the window,
estimating the unknowns after each sequential movement. The minimum and maximum
depths that can be resolved are related to the grid cell size and the window size selected,
highlighting the importance of the quality of the dataset and the nature of the investigations.

|
Euler solution

Depth [m]

Figure 9.1 Result from the located Euler deconvolution data. Solutions derived by using a structural
index of 0.

For this report, we preferred the ‘Located 3D Euler method’, which is a modified version of
the standard Euler deconvolution (Bainbridge et al. 2002). The located 3D Euler method
refines the standard method by first running a peak-finding routine (Blakely & Simpson
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1986), which locates peaks and estimates an appropriate window size before the
deconvolution. This method produces far fewer solutions because only a small subset of the
grid will be at the centre of peaks in the dataset. Combined with discrimination techniques,
we can obtain more reliable Euler solutions. Peak detection was automatically obtained using
the Blakely grid peak-picking algorithm of Blakely & Simpson (1986).

A pre-processing of the dataset used the analytic signal as the primary grid for Euler
deconvolution. However, such procedures may increase the ratio of noise to signal within the
grid; therefore, such pre-processing is limited by the initial quality of the dataset, because
noise will contribute to the scattering of solutions. In the present project, we tried different
upward continuations to remove some remaining noise within the magnetic compilation. We
finally dispensed with this smoothing for two reasons:
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1) this could have significant consequences for the determination of the source-to-
window ratio and would complicate the depth interpretation of the deconvolution
(Ravat et al. 2002), and 2) the new magnetic dataset shows quite a number of
interesting high-frequency and low-amplitude anomalies which would be suppressed
by upward continuation. Instead we decided to clip the results and eliminate depth
solutions shallower than 500 m, which suppress at least some of the noise.

During the present study, a series of maps, encompassing the different structural indices, was
required to accurately assess the different geological structures present within a study area,
particularly within complex regions. Best results have been obtained using the located Euler
solution using indices of 0, 0.5 and 1, and are displayed in figures 9.1, 9.2 & 9.3.

Figure 9.1 shows located Euler solutions using the structural index 0, which is supposed to
reflect 'infinite steps’ and highlights geological contacts. Apart from some sparsely
distributed irregular locations, the Euler solutions for this index are concentrated at the edges
of the major magnetic highs Stappen, Loppa and Norsel, where the NNW-SSE-striking tail of
the Norsel High marks an important basement structure in the eastern part of the study area
(see also BASAR-08 report). The depth solutions are predominantly rather shallow at depths
of c. 2000 — 6000 metres and probably reflect mostly intra-sedimentary thrusting, nappe
structures or contacts between sedimentary strata and uplifted basement blocks. The few
deeper solutions appear rather arbitrarily distributed and are not sufficient for a detailed
interpretation. Although the fact that a number of deep solutions are concentrated at the
western flank of the Loppa High and around the magnetic minimum at the southern part of
the Bjgrngya Basin is interesting, and points to an extremely deep basin with probably a very
thin and/or low-magnetic basement underneath.

In calculating Euler solutions for the structural indices SI=0.5 and SI=1 (Figs. 9.2 and 9.3),
which are more adapted to discover 'thick steps' and 'sheet edges’, the picture becomes more
complex as Euler solutions for more of the shallower features are calculated. Nevertheless,
apart from some scattered noise-related solutions, most of the depth estimations can be
correlated with geological structures and reveal some interesting insights into the geological
setting.

The SI=1 reflects anomaly characteristics caused by dykes and ‘sheet edges’. Accordingly
the Euler deconvolution finds a number of solutions of rather shallow origin, most likely
associated with intra-sedimentary faults. The deepest solutions are again situated in the
vicinity of the three major magnetic highs, but much deeper than before and most likely do
not reflect the top of the basement but rather the regional impact of the deep-seated faults at
the rims of these basement blocks. A correlation with solutions at or close to the wells, which
were drilled into basement, confirms that the solutions are generally too deep.

Concerning the correlation between basement wells and depth solutions from Euler
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deconvolution, the index SI=0.5 produced the best matches. Nevertheless, especially on the
Finnmark and Bjarmeland platforms, the calculated solutions are mostly associated with
faults, whereas in the Nordkapp Basin shallow salt diapirs cause most of the magnetic
anomalies and Euler solutions accordingly. However, as seen previously, the deepest
solutions picture the edges of the major magnetic highs, which again underlines the regional
impact of these contacts or faults in the study area.

The actual depth and characteristics of these solutions and the possible interaction of
different basement lithologies was investigated during modelling along selected 2D (Ch. 11)
profiles and in 3D Ch. 11).

In general, the Norsel, Stappen and Loppa highs appear as kinds of compact blocks with
predominantly deep Euler solutions. Shallower features are rare here or magnetically
invisible, and underline a different feature of these structures in comparison with areas on the
platforms or within the basins. For these areas, the deeper Euler solutions likely mark the
principal geotectonic units as seen from figure 9.1, possibly related to basement structures,
but a multiplicity of magnetic features is obviously of a shallower and intra-sedimentary
origin. For the Nordkapp Basin, for example, solutions along the outline of the salt diapirs are
prominent and probably conceal a proper depth-to-basement calculation by using the Euler
deconvolution. A number of lineaments with NW-SE and NE-SW trends are situated in the
southern part of the magnetic grid, onshore Norway, offshore on the Finnmark Platform and
within the Nordkapp and Tromsg basins. Euler solutions for these structures are of rather
shallow depths of maximum 4,000 m, and are definitely of intra-sedimentary origin. Some of
them can be correlated with onshore features such as faults and dykes or high-magnetic
sedimentary rocks. Depth solutions show intermediate depths of c. 5,000-10,000 m on top of
the Stappen and Loppa highs and along the edge of the Sgrvestsnaget, Tromsg and Bjgrngya
basins. Major lineaments which were previously interpreted in the context of an eastward
propagation of the Caledonian nappes show similar depth solutions, with some maximum
solutions of ~15,000 m north of the Norsel High.

Well name Depth-to-drilled-basement | Structure drilled
7226/11-1 c.5140 m Norsel High
7128/4-1 c. 2500 m Finnmark Platform
7128/6-1 c. 2530 m Finnmark Platform
7220/6-1 c. 1480 m Loppa High
7120/2-1 c. 3470 m Loppa High
7120/1-1 R2 . 3947 m Loppa High
7120/12-2 c. 4660 m Finnmark Platform

Table 9.2 Wells, with drilled basement, were use to constrain the Euler deconvolution results.
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Figure 9.3 Result from the located Euler deconvolution data. Solutions derived by using a structural
index of 1.

To estimate the reliability of the method, the depth-to-basement results from Euler
deconvolution were compared with observed basement depths from well logs and depth-
converted seismics, and we could achieve similar results from Euler deconvolution and a
S1=0.5. Basement was reached in seven wells, which are listed in the table below:

Along the provided four seismic lines, additional correlations with basement depth could be
made. Some Euler solutions could also be linked to the presence of sills within the
sedimentary successions (see Chapter 11 for more details). Nevertheless, we consider the
study area to be not so perfectly adapted for the Euler techniques. Thick piles of sediment (5-
10 km or more) and probably a small magnetic sediment-basement contrast over wide areas
of the survey blur the magnetic signature from the basement and reduce the applicability of
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the Euler deconvolution in terms of a depth-to-magnetic basement calculation. Here,
modelling rather than Euler techniques is definitely the method of choice to obtain a better
hand on the depth-to-basement.

9.5 Werner deconvolution

The Werner deconvolution method (Werner 1953, Gunn 1997) was applied to the new
magnetic dataset along the four seismic lines to support the modelling and interpretation in
2D. It has been used to estimate and/or underline the potential depth of magnetic sources
along these specific transects (see Chapter 11). The basic assumption of the Werner
deconvolution is that all magnetic anomalies are the result of the presence of either a
sequence of dykes or edge interfaces. The strike lengths and depths of the source bodies are
also assumed to be infinite, whereas the width of each body is assumed to be either: (1) finite,
representing a dyke; or (2) approaching zero, such that it represents an interface between two
bodies of differing magnetic susceptibility. The robustness of the technique is such that no
reduction to the pole is required, and it works effectively with both induced and remnant
magnetisations. The results were compared with the Euler solutions computed in the previous
part of the chapter.

Werner (1953) recognised that analysing magnetic anomalies could be complicated because
of the superposition from adjacent anomalies and the effect of noise (e.g. diurnal variations,
non-two-dimensionality and induced versus remnant magnetism). For this reason, the Werner
deconvolution algorithm uses simple models for the sources and a quadratic form for the
source/noise interference to determine the magnetisation properties of the causative bodies.
To reduce the noise we applied first an upward continuation filter to smooth the magnetic
data. If the deconvolution is successful in defining a ‘real’ source, then depth estimates
should define either the edges of the causative body or the depth range of an interface or the
upper boundary of an intrusion.
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10 INTERPRETATION

Marco Bronner

10.1 Main regional trends and potential field interpretation

With the new aeromagnetic dataset of the southern Norwegian Barents Sea and the
integration with gravity data (Figs. 10.1, 10.2 and 10.3), a number of structural elements
could be observed and utilised for a detailed and more accurate interpretation than had been
possible from the previous dataset. The high quality and resolution of the new aeromagnetic
compilation allow new insights into the main regional trends and basement settings of the
study area.

Both magnetic and gravity measurements are usually sensitive to variations in the structure
and composition of the crystalline basement. The comparison of main magnetic and gravity
anomalies is used to discover the distribution of different basement types and basement
faulting, which gives a direct indication of the geological development of the area (Fig. 10.3).
Most of the bodies within the basement have distinctive magnetic signatures, characterised
by their anomaly magnitudes, heterogeneity and magnetic fabric. By calibrating noticeable
features from gravity and/or magnetic maps with known onshore geology, these structures
can be linked directly together and thus support a more detailed and reliable interpretation.

The main boundaries that delineate units of the first structural order within a basin can
generally be identified from correlating aeromagnetic and gravity maps. Major basement
domains are expected to have pronounced expressions in both aeromagnetic and gravity data.
Figure 9.5 illustrates the correlation between gravity and magnetic highs and lows. However,
as discussed before (Gernigon et al. 2007, Bronner et al. 2009) for the southern Barents Sea,
such a correlation cannot be found for all the principal anomalies. The Norsel High and the
NNW-SSE-striking magnetic high M-BH2 (Fig. 10.3) have rather good counterparts in both
the magnetic and the gravity maps. Also, the Kola-Kanin Monocline and at least the central
Nordkapp Basin show extended magnetic and gravity lows. Furthermore, the Loppa and
Stappen highs produce both pronounced gravity and magnetic highs, and the Tromsg Basin
and the central part of the Bjgrngya Basin show extended lows in gravity and magnetics. On
the other hand, for most of the area the correlation is poor and appears to be accidental. One
possible explanation, as pointed out earlier, can be that we have a less well developed
magnetic sediment-basement contrast, but a c. 5-10 km thick succession of sedimentary rocks
could also blur basement signatures in the magnetic data. For the gravity map, thick piles of
sediments can cause similar high densities in the sedimentary successions as in the basement
due to high compaction, which can conceal the real extension of deep sedimentary basins
such as the Sgrvestsnaget and Ottar basins.

A comparison of the gravity and magnetic data leads to an enhanced interpretation of the
regional geological setting in the study area. The Bouguer gravity highlights the locations and
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extensions of sedimentary basins such as the Nordkapp, Tromsg, Bjgrngya and Maud basins,
and assists in explaining several linear features and structural changes observed in the
magnetic data. Furthermore, where one has correlation of positive anomalies, the opposite
conclusion based on our assumption of a blurred magnetic basement signature, this can imply
the presence of uplifted and possibly rotated basement blocks on the Norsel, Loppa and
Stappen highs and the magnetic high M-BH5 (Fig. 10.3). A correlation of magnetic and
gravity lows as we observe for the Tromsg and Bjgrngya basins, definitely points to deep
sedimentary basins, in extreme cases possibly combined with crustal thinning and a regional
tectonic impact.

Another interesting and noteworthy feature is that the magnetic signature can often be
associated with both deep and shallow structures, as suggested by the combination of seismic
observations with the potential field data (Figs. 11.5, 11.6 and 11.8). Since the earliest
basement configuration is probably a first-order factor for subsequent fault reactivation and
subsidence patterns, it appears that several magnetic domains are associated with more than
one structural level.

Previous studies have shown that subcropping, tilted, sedimentary strata or folded
sedimentary units have generally low magnetic susceptibilities but might also generate
measurable magnetic anomalies (Gibson & Millegan 1998). Faults, carbonate units or other
irregularities in the sedimentary strata do influence mainly the short-wavelength magnetic
signature and can be distinguished from basement structures by appropriate filter techniques.
In our approach we extracted and interpreted such small-wavelength attributes by mostly
using the tilt derivative (TDR) (Verduzco et al. 2004) and a 30 km high-pass filter.

The various magnetic and gravity attribute maps interpreted in this report (Figs. 10.1, 10.2
and 10.5) describe the features and patterns of the basement blocks relative to their
surroundings. The structural pattern of the basement as revealed from magnetic
interpretations combined with gravity was characterised by a hierarchy of structural elements
involving 1) large structural zones, 2) tectonic domains and 3) sub-domains and internal
magnetic lineaments (Figs. 10.6, 10.7 and 10.8). For each domain there are also additional
extended features that overprint some of these structures and are potentially related to the
deposition of basin sediments, salt tectonics and dyke intrusions.

The western part of the magnetic compilation is clearly dominated by the Stappen and Loppa
highs, which are connected by the 'catwalk’, a narrow but deep-seated NW-SE-striking
anomaly (Figs. 7.2b, 7.3b and 10.5a), cross-cutting the northern part of the Bjgrngya Basin
(Fig. 10.1). The two highs are surrounded by major basins, of which the Tromsg and the
Bjagrngya basins are well expressed and form — together with the Harstad Basin in the south —
a rather continuous NNE-SSW striking magnetic low, which abruptly stops at the catwalk
anomaly. Advanced filter-techniques reveal for this area various 2" and 3 order trends
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(Figs. 10.6a & b), which are limited to the basins and the platforms, whilst for the basement
highs no trend could be observed (Figs. 10.5a, b). 1¥-order lineaments are barely visible.

The western Finnmark Platform is clearly dominated by NE-SW-striking Caledonian
lineaments, locally cross-cut by NW-SE-trending dyke-related features. The Sgrvestsnaget
Basin and the southern part of the Tromsg Basin show mainly NW-SE striking lineaments,
almost parallel to the continent-ocean transition zone (COT), whilst the Hammerfest Basin
shows weak signs of an E-W trend in structural features, bending towards NE-SW in the
southwestern part of the basin. In the Bjgrngya Basin, lineaments are only visible
sporadically. At this point it is worthwhile mentioning the resolution difference between the
BASAR-09 survey, flown with 2 km line spacing, and the HRAMS-97/98 survey, which was
flown with 1 km line spacing. Regarding resolution and interpretation of shallow
intrasedimentary features, a denser line spacing is obviously beneficial. For the Stappen and
Loppa highs, however, no prevailing trends could be observed. The Stappen High shows
circular, almost concentric shaped structures at its principal anomaly southwest of Bjerngya
in the magnetic tilt derivative and filtered data. The Loppa High, however, shows rather
irregular structures with a predominant magnetic high at its southwestern edge (Figs. 8.3, 8.4
and 10.7a). Interestingly the shapes of the two basement highs are still visible in the HGM
and analytical signal, which confirms them to be compact and deep crustal blocks. The
shallower parts of the highs, however, are obviously deeply fractured and most likely have a
rather rugose surface (Figs. 10.7a & b). For the Loppa High, the compact rounded anomaly,
noticeable from the HGM and the irregular-shaped magnetic signature in the HGM, might
indicate a different basement composition, e.g. alternating low- and high-magnetic basement
of different ages on top of the block. As an interesting fact in this regard, we notice that the
Loppa High Graben (as interpreted by Gabrielsen et al. 1990) is obviously not visible in the
magnetic data at all. A possible reason could be that it is embedded in a low-magnetic
basement sheet.

East of the Loppa High Caledonian trends clearly dominate the basement architecture
especially on the Finnmark Platform and locally on the Bjarmeland Platform, but farther east
and especially in the southeast, Timanian trends are more and more noticeable and are most
likely to have influenced the rift and basin configuration particularly in the central Nordkapp
Basin. Old inherited structures usually appear to be the first-order crustal parameters that
control the rift or basin architecture (e.g. Doré et al. 1997, Roberts & Lippard 2005).
Caledonian influences are usually recognised by the N-S structural grain of the western
Barents margin and Svalbard, and the NE-SW grain of the southwestern Barents Sea and
Finnmark (e.g. Dore 1991, 1995, Fichler et al. 1997, Roberts & Lippard 2005).

The new magnetic data confirm this general interpretation, showing these trends quite clearly
(Fig. 10.5). Prominent, almost N-S-trending and eastward-bended, 1¥-order lineaments are
interpreted as different settings or stages in what is most likely a Caledonian basement and
reveal a clear tripartite division of the area: Westernmost Barents Sea, and the Bjarmeland
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and Finnmark platforms. The westernmost Barents Sea is almost devoid of first-order
lineaments. A couple of parallel major faults are observed north of Bjgrngya, striking NW-
SE and fading out at the Hoppenbanken Arch. Another possible 1%-order lineament is the
‘catwalk’. Although the origin of this anomaly is not quite obvious from the structural
interpretation, a relationship with the Stappen and Loppa highs is likely and the anomaly
should consequently be considered as a part of the basement highs. It is debatable if the
dominance of the Stappen and Loppa highs in the magnetic signal conceals 1%-order
structural elements within the basement. Possible lineaments are definitely observed at the
eastern edge of the Loppa High, but they are rather short and probably related to some local
faults. In the favour of this idea would be the absence of the Loppa Graben in the magnetic
data, which is observed from seismics. In this case, a clearly higher-magnetic basement
dominates over possible magnetic lineaments from a shallower low-magnetic basement and
thus makes it transparent in the magnetic map. Consequently, this leads to the conclusion that
there is a different basement type for both the Stappen and the Loppa highs in comparison to
the surroundings. Alternatively, one could assume a completely different evolution for the
area west of the Loppa High, decoupled from the Finnmark Platform. Extensive rifting and
large and deep basins around the two basement highs may well have obliterated the old
inherited crustal structures.

The eastern part of the area is bisected by a distinct fault complex between the Norsel High
and the Nordkapp Basin. The penultimate identified curved lineament to the east on the
Finnmark Platform can even be linked directly to the base of the Middle Allochthon
(Tanahorn Nappe) on northwestern Varanger Peninsula. WNW-ESE-striking, high-amplitude
magnetic lineaments, however, cross-cut and superpose signatures from deeper origins and
complicate the tracing of more of these N-S lineaments across the Austhavet Fault Zone.
Nevertheless, the strike of the geological units on the Nordkinn and Sverholt peninsulas is
clearly parallel to the lineaments observed and interpreted offshore.

From a comparison with the Bouguer gravity (Figs. 10.6 and 10.8a), we notice a connection
between the distribution of the basins in the area and the disruption of the N-S-trending
lineaments. Not only in the Nordkapp Basin but also in the Ottar Basin and potentially in the
Maud Basin there are similar disturbances of the basement signatures, which are in line with
the seismically proven, post-Caledonian, rifting structures and basin development in the
Barents Sea (e.g. Faleide et al. 1993, Breivik et al. 1995, Gudlaugsson et al. 1998).

Two systems of principal and probably deep faults can be observed from the new magnetic
dataset (Fig. 10.6a). The first one is north of the Nordkapp Basin striking NW-SE, and
located at the northern flank and within the Ottar Basin. The fault to the south of the basin
separates the Swaen Graben from the Norvarg Dome and runs into the Norsel High to the
southwest. It is located at the southern edge of a gravity minimum (G-BL3) (Fig. 10.3), and
with regard to the Ottar Basin configuration defined by Gudlaugsson (1994) and Breivik et
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al. (1995) it might possibly coincide with the edge of an intra-basin high but not with the
actual boundary of the basin.

Two lineaments are observed at the northern rim of the Ottar Basin (Fig. 10.6b), and might
link to two major rifting structures and a gently dipping basin flank. There is weak evidence
for a south-westward continuation of the southerly located lineament into the central
Nordkapp Basin which, in fact, partly coincides with an intra-basin fault observed on
seismics. The second system coincides with the mapped fault complex south of the Nordkapp
Basin (Masgy and Thor Iversen fault complexes). The main feature of this complex is a
distinct linear structure that is obvious from the 30 km high-pass filtering and strikes NE-SW
(Figs. 10.6b, 10.7b). This lineament can be observed all the way from south of the central
Nordkapp Basin south-westwards almost to the coast where its clear signature defuses into in
a swarm of parallel lineaments. The structure is disturbed by a NNW-SSE-oriented, dextral
strike-slip fault in the central part of the fault zone just south of the narrow part of the
Nordkapp Basin, and provides evidence of an additional NNW-SSE stress component in the
eastern part of the survey area. The western part of this same lineament transects the southern
Nordkapp Basin and probably marks the northern flank of the Masgy Fault Complex,
whereas to the east the width of the fault complex is less well defined. Here, there are no
additional sharp linear features to be seen except for the lineament and the coinciding Thor
Iversen Fault Complex. The N-S-trending curved characteristics of the magnetic data fade
out towards the lineament instead of ending abruptly as they do further west. This, however,
might indicate that it is either a less distinct fault system or a superposition of magnetic
signatures from other origins in this particular area.

Together with the distribution of the basins (Fig. 10.6b) and the correlations with the
Bouguer gravity (Fig. 10.2a), the first-order lineaments already provide new insights into the
basement structure and different basement domains in the southern Norwegian Barents Sea.

In addition, we have mapped second-order structures using TILT derivatives and high-pass
frequency filtering. Such features are likely to be of shallower origin, deriving from
somewhere within the sedimentary succession, and in fact there are a number of obvious
similarities between the existing BCU map (Gabrielsen et al. 1990) and observable features
from the high-pass filtering (Figs. 10.6b and 10.7b). We used the new magnetic dataset to
supplement the existing BCU map, even though the origin is not compulsively the BCU, but
intrasedimentary. A comprehensive overview of the observable short-wavelength lineaments
can be interpreted and directly linked with diverse structures within the sedimentary
successions. The resulting map expresses the different structural developments of the
Bjarmeland and Finnmark platforms with opposed strike orientations, a feature probably
deriving from the time of the initial rifting phase in the Late Palaeozoic. Nevertheless, both
platforms also show some lineaments orientated along the principal trend of the other
platform which gradually decrease from west to east on the Finnmark Platform and from east
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to west on the Bjarmeland Platform. A detailed description and interpretation for each area is
presented below.

Whilst the observed structures on the platforms are probably associated with reactivation
along Early Palaeozoic and Precambrian basement structures, the lineaments within the
Nordkapp and Hammerfest basins are different and rather reflect the different rifting phases
in Mesozoic and Ceneozoic times. We should point out that the salt signature in the
Nordkapp Basin made it difficult to establish a clear differentiation between salt-related
features and faults. Nevertheless, based on the mapped lineaments, there is strong evidence
that the southern and central parts of the Nordkapp Basin show different structural
developments.
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10.1.1 Loppa High (LH)

Various stages of uplift and erosion since Devonian time have resulted in a rather complex
structure of the Loppa High. The LH, as defined now, has most likely been in its high position
since Late Jurassic to Early Cretaceous time (Gabrielsen et al. 1990).

From gravity and magnetic maps the LH is well expressed on both, which indicates a crustal-
scale basement block of higher magnetisation. Together with the Stappen High it is a
predominant feature in the Barents Sea and at the boundary to an obvious structural change in
the basement characteristics of the southern Barents Sea. Basement was drilled in three wells
(Tab. 9.1) at c. 1480 m in the central part and c. 3500 m and c. 3900 m in the south of the LH.
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According to the gravity and magnetic data the two southern wells show diabase and
amphibolite as the main basement rock with both high densities of more than c. 2760 kg/m3 and
up to c. 0.034 Sl in susceptibility (Slagstad et al. 2008). No further information is available for
the well from the central area. A TILT derivative multiscale edge detection (Lahti & Karinen
2010) was carried out to determine the tilt of the LH (Fig. 10.8b), which showed the block to be
seated fairly vertically in the crust. No predominant rotation is indicated. Nevertheless, the
signature of this unit from the gravity and magnetic data is rather different (Fig. 10.3). The
magnetic data show a southeastward extension into the Hammerfest Basin, whilst the gravity
data indicate that the LH expands westwards and into the Veslemgy High. A simple explanation
for this difference is hard to find. One could speculate if the origin for this discrepancy is either
situated in the shallow basement due to, e.g., volcanic intrusions or if it is due to the presence of
high-magnetic lower-density bodies in the deeper crust.

10.1.2 Stappen High (SH)

The Stappen High is situated to the northwest of the LH and has apparently undergone a
similar, complex, tectonic evolution, marked by different episodes of uplift and erosion. Very
little is known about the basement structure of the SH, although Bjgrngya is generally
considered as an exposed window in the economic basement of the SH (Braathen et al. 1999,
Worsley et al. 2001).

The main magnetic anomaly of the SH is expressed as a noticeable round magnetic high,
slightly displaced to the west relative to the structural outline of the SH as interpreted by
Gabrielsen et al. (1990), and reaching into the Vestbakken volcanic province (Fig. 10.1).
Upstream to the south, another magnetic anomaly is noticeable which is in good correlation
with the gravity data (Fig. 10.2) and is possibly an extension of the SH. Comparison of both the
gravity and the magnetic data (Fig. 10.3), however, shows a rather good correlation. The TILT
derivative multiscale edge detection (Fig. 10.9b) indicates a tilt and rotation to the north-
northwest for both anomalies. Direct methods like FVD or HGM (Figs. 8.1 & 8.3) reveal an
almost concentric arrangement of the magnetic anomalies, which most likely reflects the
surface structure of the SH basement block. Euler solutions for the SH are also irregularly
distributed and of rather shallow depth (4 - 7 km, Fig. 9.2), supporting this assumption. Such a
ring-shaped structure in crystalline rocks is well known from weathered basalt but has to our
knowledge never been observed at this scale. However, the Richat Structure in Mauritania
(Matton et al. 2005) probably represents the closest analogue known so far. It remains
questionable as to what has caused this rather regular structure, but due to the similarity with
the LH and the reported repeated phase of uplift and exhumation, the magnetic anomalies from
advanced filtering are likely to reflect the surface morphology of the two highs, which are much
more jagged than e.g. the Norsel High (Fig. 10.7a). The absence of any indications of major
faults and thrusts in the area underline the compact structure of the SH.
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10.1.3 The Hammerfest Basin

The Hammerfest Basin is a relatively shallow Mesozoic basin, 50-75 km wide and located
between the Finnmark Platform and the LH (Berglund et al. 1986). The structure of the basin is
mostly dominated by extension of features and shows a clear graben-type form. An episode of
strike-slip deformation has been suggested in Late Jurassic-Early Cretaceous time (Gabrielsen
and Feerseth 1989). The basin is separated from the Finnmark Platform to the south-southwest
by the Troms-Finnmark Fault Complex and borders the LH along the Asterias Fault Complex
to the north. The Asterias Fault Complex has an east-west trend, and is a zone of normal
faulting and local transpression which dies out into the eastern flexure as it begins to head in a
north-northeast direction. The western limitation of the Hammerfest Basin is defined by the
southern segment of the Ringvassey-Loppa Fault Complex and its eastern border is marked by
a progressive flexure towards the Bjarmeland Platform (Gabrielsen et al. 1990). The
Hammerfest Basin includes both deep-seated, high-angle faults along the basin margin and a
normal fault detached in the Permian-Carboniferous strata. As earlier suggested by Gabrielsen
and Feerseth (1989), the extension of the Trollfjord-Komagelva Fault Zone trends could explain
the subdivision of the Hammerfest Basin. The central fault system is composed of different
segments with E-W, ENE-WSW and WNW-ESE-trending faults that formed the Hammerfest
Basin fault system named (informally) by Gabrielsen (1984).
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Figure 10.4 Structural interpretation of the Hammerfest Basin and 20 km high-pass filtering of the TMI
data.
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The origin of the Hammerfest Basin can be traced back to a period of inferred post-Caledonian
orogenic collapse (Gudlaugsson et al. 1998), and it has been affected by extension in the
Carboniferous (Berglund et al. 1986) and from Triassic to Early Jurassic time. The basin was
probably a distinct depocenter already in late Scythian time (Gabrielsen et al. 1990). The main
rifting episode was initiated in the Mid Jurassic and continued during a period of major tectonic
subsidence into the Early Cretaceous.

From the magnetic data the Hammerfest Basin is relatively inconspicuous; the northeastern part
is inferred by the high-magnetic LH basement, whilst it is noticeable as an intermediate gravity
low on the Bouguer gravity map. Structural elements are of small amplitude and occur at
shallow depths (Fig. 10.4). A NW-SE-striking fault system can be observed in the central and
eastern parts of the basin, but the dominat trend of lineaments is E-W to ENE-WSW, which is
in good agreement with the observations from seismics (Gabrielsen 1984, Gabrielsen et al.
1990).

10.1.4 Bjgrngya Basin

Formed between the LH and the SH, the Bjgrngya Basin is a large and deep basin. The
Bjerngya Basin is limited to the west by the Bjgrngyrenna Fault Complex and to the northeast
by the Leirdjupet Fault Complex that marks the boundary between the deep Bjgrngya Basin
itself and the shallower Fingerdjupet Subbasin.

The basin developed mainly in Early Cretaceous but is also considered to contain a thick Late
Permian section (Gabrielsen et al. 1990). Structural lineaments are uncommon, striking NE-
SW. Salt diapirism has been interpreted by Faleide et al. (1984), whereas Rgnnevik & Jakobsen
(1984) could not find any indication for the mobilisation of salt. However, unlike in the
Nordkapp Basin, salt structures are not that obvious from the magnetics, but in the gravity map
at least one salt structure is noticeable as a small minimum north-northeast of the Veslemgy
High. The correlation of gravity and magnetic data for the Bjgrngya Basin is rather poor and
does not reflect the outline of the basin observed on seismics (Gabrielsen et al. 1990). While
the basin shows a NE-SW-striking, lens-shaped, gravity minimum, the minimum in the
magnetic data is an oval N-S-oriented anomaly parallel to the basin axis and extends into the
Veslemgy High and the Sgrvestsnaget Basin and across the Bjgrngyrenna Fault Complex. It
appears as the northern extension of a large and elongated magnetic minimum, observable from
the Harstad Basin through the Tromsg Basin into the Bjgrngya Basin, only truncated by a
magnetic high caused by an intrusional structure at the Veslemgy High (Mjelde et al. 2002).
Low-pass filtering and upward continuations (Figs. 7.2b & 7.3a & b) suggest that the structure
is a regional and extended basement low. The contradiction between the magnetics and gravity
(Fig. 10.3) could be an expression of significant crustal thinning and a deep-seated basement.
Different degrees of compaction within the sediments, faulting along the southeastern margin
and thus a different sedimentary succession occurring along the Veslemgy High -
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Bjegrngyrenna Fault Complex would have led to higher densities in the southern part of the
basin.

The so-called 'catwalk' cuts the northern part of the basin, and was previously identified as a
very deep and regional structure (Fig. 7.3b), associated either with a basement ridge or a very
deep-seated and steep thrust of crustal scale and with a regional impact. However, the basin
does seem to be shallower in the north (Fig. 10.1a).

10.1.5 Tromsg Basin

The Tromsg Basin is located south of the Bjgrngya Basin and the Veslemgy High. It is
bordered by the Senja Ridge to the west and the Ringvassgy-Loppa Fault Complex to the east.
Observed lineaments from the magnetic data (Fig. 10.5) are of rather shallow origin and are
mostly observed in the central, western and southern parts of the basin, which is to some extent
due to the higher resolution of the HRAMS-97/98 data, flown with a denser line spacing (1
km). The strike of the lineaments is mainly NNW-SSE, which is the same trend as in the
Sgrvestsnaget Basin and most likely reflects the effect of the sheared margin. Other, rounded
structures are observed and are salt-related. Thick Cretaceous sediments dominate the
sedimentary infill of the basin and might conceal NE-SW-striking Late Devonian to Early
Carboniferous structural elements, which are prominent to the east of the basin (Gabrielsen et
al. 1990). Gabrielsen et al. (1990) found indications that the Bjgrngya and Tromsg basins were
united during the Early to Mid Mesozoic, but in contrast to the Bjgrngya Basin both gravity and
magnetics indicate lows for the basin, which are in very good correlation (Fig. 10.3). The
development of the basin was most likely more homogeneous, at least since the Late Mesozoic
if Gabrielsen et al. (1990) are correct. Subsidence and compactions were not disturbed by
faulting. Therefore, the magnetic data show much better the related development of the three
basins Harstad, Tromsg and Bjgrngya, and the opening along their NNE-SSW striking axis.

10.1.6 The Bjarmeland Platform

The Bjarmeland Platform includes the extensive platform areas east of the Loppa High and
north of the Nordkapp Basin. The platform was established in the Permian but subsequent uplift
and erosion tilted the Palaeozoic and Mesozoic sequences southwards, with unconsolidated
Quaternary sediments overlying successively older rocks towards the north. Five exploration
wells have been drilled on the Bjarmeland Platform, exclusively in the southern part. Two of
the wells were drilled into the transitional area between the platform and the Nordkapp and
Hammerfest basins. Both wells (7226/11-1 and 7124/3-1) reached the Upper Palaeozoic
succession, and in the former case demonstrated a mid-Carboniferous onlap of the basement
(Larssen et al. 2005).
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Figure 10.5Structural interpretation of the Tromsg Basin with the TMI data.

The central part of the Bjarmeland Platform is dominated by the magnetic high centred on the
Norsel High (Fig.10.1b) and its NNW-SSE-trending tail-like structure (M-BH8) that extends all
the way to the north of the survey area with extended magnetic lows to the west and east (M-
BL2 and M-BL5). A marked magnetic high (M-BH6, M-BH7) appears in the westernmost part
of the platform with smaller but noticeably round magnetic minima southwards between the
Norsel High and the easternmost extension of the Loppa High (M-BL3 and M-BL4). The area
to the east is characterised by regional NNW-SSE-striking (M-BH2 and M-BH1) anomaly
highs. The structures reflect the predominantly Caledonian character of the basement of the
Bjarmeland Platform. Nevertheless, a noticeable change in the amplitude is visible east of the
Norsel High and M-BH8, and deep Euler solutions indicate that a major structural change is
probably present in the basement at this location. The magnetic data to the east appear smoother
with smaller anomalies and gentler slopes. Filtered magnetic data reveal the absence of the
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characteristic N-S-oriented and curved lineaments in this part of the platform. From wavelength
filtering and derivatives, the magnetic field shows mainly second-order, NE-SW-oriented
lineaments, which are prominent in the western Bjarmeland Platform and are of Caledonian
origin. To the east, the NE-SW trend progressively interferes with the NW-SE-striking features
(Figs. 10.6b). These latter magnetic patterns could be inherited from the Timanian structural
grain or even date back to Archaean time, as recognised mainly along the Kola-Kanin
Monocline structure, and probably extend as far as to the Timan-Pechora Basin on the Russian
side. The NW-SE regional and crustal trends are particularly prominent in the area of the
Finnmark Platform but are also seen on the Bjarmeland Platform and have probably been
reactivated during the different Late Palaeozoic and Mesizoic rifting events.

The Norsel High and the broad NNW-SSE positive anomaly (M-BH2) are prominent magnetic
highs on the platform and coincide with gravity highs. This correlation usually reflects old
tectonic features most likely associated with basement units. Indeed, M-BH2 could fit with
high-amplitude seismic reflections observed on the northern flank of the Nordkapp Basin, but
the seismic imaging is still too poor to pursue this idea at the present stage. As NE-SW seismic
lines were not available to us during any of the BAS and BASAR projects, we could not
execute an accurate structural investigation. For the Norsel High, the basement was drilled at c.
5150 m, showing what was interpreted to be a 'Pre-Devonian Basement'. Basement rock
samples from the Finnmark Platform generally show a rather low magnetisation for the inferred
Caledonian basement, which raises the question as to whether the two highs in the survey area
represent basement blocks of Precambrian age or at least a partial Precambrian basement in an
uplifted position. Precambrian basement usually shows higher magnetisation and could
therefore explain the high amplitude of the magnetic anomalies. Modelling during the BASAR-
08 project (Bronner et al. 2009) revealed, however, a more complex picture involving intruded
and highly magnetic mafic rocks at a shallow depth. This would appear to better explain the
gravity and magnetic observations, and in particular the significantly different shape of the
Norsel High anomaly on both datasets.

Due to the asymmetric and deep and steep basin characteristics of the Nordkapp Basin one
could also consider either deep-crustal thrusting or intruded high-magnetic, serpentinised
mantle material, or both, to explain the different shapes of the gravity and magnetic anomalies.
This hypothesis has not yet been tested.
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Figure 10.6 a) TMI grid with complete structural interpretation, b) Structural elements with complete structural interpretation. Blue curved lines are observed lineaments from the magnetic map and are most likely associated with Caledonian nappes,
dark blue lines are major faults. Red lines show fault-related lineaments probably associated with high-magnetic material such as dykes (see text). Black and yellow lines underline the main structural features of the area (Gabrielsen et al. 1990). Grey
lines represent the faults mapped at base Cretaceous level (Gabrielsen et al. 1990), black and blue dotted lines represent second-order lineaments with a more shallow origin, based on magnetic interpretation.
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Figure 10.7 @) TILT derivative from TMI grid with principal possibly intruded faults, b) 30 km high-pass filter from TMI with complete structural interpretation and c) the complete structural interpretation. Blue curved lines are observed lineaments
from the magnetic map and are most likely associated with Caledonian nappes, dark blue lines are major faults. Red lines show fault-related lineaments probably associated with high-magnetic material such as dykes (see text). Black and yellow lines

underline the main structural features of the area (Gabrielsen et al. 1990). Grey lines represent the faults mapped at base Cretaceous level (Gabrielsen et al. 1990), black and blue dashed lines represent second-order lineaments with a more shallow
origin based on magnetic interpretation.
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Figure 10.8 a) 30 km high-pass filtering of the Bouguer gravity with complete structural interpretation from the new magnetic data b) TILT derivative multiscale edge detection to (Lahti & Karinen 2010) determine the tilt of the main magnetic basement
highs. Blue curved lines are observed lineaments from the magnetic map and are most likely associated with Caledonian nappes, dark blue lines represent major faults. Red lines show fault-related lineaments probably associated with high-magnetic
material such as dykes (see text). Black and yellow lines underline the main structural features of the area (Gabrielsen et al. 1990). Grey lines represent the faults mapped at base Cretaceous level (Gabrielsen et al. 1990), black (BASAR-08) and blue
(BAS-06) dashed lines represent second-order lineaments with a more shallow origin, based on magnetic interpretation.
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10.1.7 The Nordkapp Basin and surrounding margins

Both the SNAS-06 and the BAS-06 surveys have already provided a new, reliable and almost
complete magnetic coverage of the Nordkapp Basin. With the reprocessed and merged dataset
from BAS-06 and BASAR-08, a comprehensive overview of the magnetic settings in the
Nordkapp Basin can now be presented, covering the entire Nordkapp Basin except for the
northern end, which was located in a Norwegian-Russian disputed area until April 2010.

A comparison of the old and new magnetic data reveals a number of new details such as salt
structures and fault systems (Fig. 10.9). Furthermore, the outline and the shape of the anomalies
in the basin give new and important evidence for the depth-to-basement structure, and the
presence of possible sub-basins and intra-basin highs, which results in a more accurate and
sophisticated interpretation of the Nordkapp Basin and its overall development. New trends are
now observed from the magnetic surveys and suggest a more complex crustal and basin
architecture for the Nordkapp Basin, which is clearly divided into sub-magnetic segments.
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Figure 10.9 Comparison between (a) the new and (b) the vintage magnetic data for the Nordkapp Basin.
The BASAR-08 data (left) have a significantly higher resolution, showing various features such as salt
structures and faults in much more detail.

The Nordkapp Basin is a fault-controlled graben located along the NE-SW-trending rift system
that extends eastwards from the Hammerfest Basin to the disputed area between Russia and
Norway (Gabrielsen et al. 1990, Nilsen et al. 1995). The basin was initiated during Late
Palaeozoic extension and, like the Russian basins, constituted a major sink for Triassic
sedimentation (Roberts & Lippard 2005). The lateral extension of the basin is well constrained
by the gravity data (Fig. 10.2a). The SVD of the new magnetic data highlights the positions of
the shallow salt structures and also allows an estimation of the basin outline, whereas especially
in the southern part of the Nordkapp Basin long-wavelength effects from the Norsel High
conceal the real basin extension (Figs. 8.2 and 10.1a). The main regional orientation of the
Nordkapp Basin, also expressed by the Masgy and Thor Iversen fault complexes, is mostly
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oriented N°100-110 to N°70-80 and coincides with local, low- to medium-wavelength,
magnetic trends (Fig. 10.8a).

The Thor Iversen Fault Complex is a prolongation of the Troms-Finnmark and Masgy fault
complexes and represents a regional deformation zone in the Barents Sea. These principal fault
trends were characterised by peak faulting activity at specific times, and many can be linked
fairly confidently with known faults on the Finnmark mainland (Gabrielsen et al. 1992, Jensen
& Sgrensen 1992). The NE-SW offshore fault trend is known to have been active in Devonian-
Carboniferous time exploiting the Caledonian structural heritage (Faleide et al. 1984,
Gabrielsen et al. 1992, Bugge et al. 1995). Basin-bordering movements continued through the
Permo-Triassic interval and appear to have extended into the Late Mesozoic. Many such NE-
SW-trending faults can be traced onshore, in Finnmark (Gabrielsen 1984, Lippard & Roberts
1987). The existing faults in Finnmark, especially those in the western areas, were subjected to
successive reactivations in the Permo-Triassic and notably in the Jurassic-Late Cretaceous
(Roberts & Lippard 2005).

From the new dataset, some evidence was found for a NE-SW structural trend both north and
south of the Thor Iversen Fault Complex, possibly indicating a prolongation of one of the
regional trends which defines the Tiddlybanken Basin and West Kola Graben described by
Ivanova (2001). A feature of some dispute is the narrow part of the Nordkapp Basin and its
geotectonic significance. A strike-slip pattern along the NE-SW-striking lineament and the
irregular and slightly rotated magnetic lineaments possibly suggest the presence of an almost N-
S-trending shear zone, which might then be related to the reactivation and superposition of old
Caledonian and Timanian patterns or a rifting event in the central Nordkapp Basin, partly
decoupled from the southern basin (Gernigon et al. 2007b).

The Nordkapp Basin is bounded to the north by the Bjarmeland Platform and to the south by
the Finnmark Platform, and is divided into northeastern and southwestern segmenst. Caledonian
basement structures, detected in the new magnetic data, are disrupted in the vicinity of the
basin, but at least in the western part of the survey area can be traced both north and south of
the basin. The assumed sedimentary thickness of c. 10-16 km in the basin allows only an
ambiguous interpretation of this feature. Either the thick pile of sedimentary rocks masks the
magnetic basement signature or the basement was at least strongly deformed during the rifting
process. In fact, from 2D modelling an involvement of the Caledonian basement in the rifting
process is evident, with different stages recognisable from thinning (Fig. 11.8) to break up
(Fig.11.5).

Both the southern and the central parts of the Nordkapp Basin are characterised by two regional
gravity lows (G-NL1 and G-NL2) surrounded by broad gravity highs (G-BH3, G-BH4, G-NH1,
G-NH2, G-NH3and G-FH4). The magnetics, however, do not reflect the presence of such a
dominant sedimentary basin, but the western part of the central Nordkapp Basin does show a
magnetic domain (M-NL1), flanked to the northeast and southeast by two magnetic highs (M-
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BH2 and M-NH1), which both extend into the sedimentary basin. Even though the origin of
these highs remains unclear, as pointed out earlier, we consider them as reflecting an old
basement structure of probable Precambrian age. Before rifting was initiated, this was likely
one NW-SE-striking unit perhaps associated with old Timanian trends. From the TDR of the
new magnetic data, we deduce a difference in basement depth probably associated with a NW-
SE-striking fault system at the eastern rim of the magnetic low and separating the wider western
part from the narrower and shallower eastern part of the central Nordkapp Basin. Gernigon et
al. (2007) explained the changing structural style of the Nordkapp Basin from west to east by
an interaction between rift deformation affected by pre-existing oblique, deep features and/or
pre-existing graben. We agree with this interpretation and see the observed NW-SE-trending
lineament in the southwestern part of the central Nordkapp Basin in the same context and link it
with the fault system observed in the Ottar Basin. The trend is sub-parallel to the Trollfjorden-
Komagelva Fault Zone, which dates to Meso/Neoproterozoic or even Archaean times (Roberts
et al. 1997) before being reactivated at several stages during the Timanian and Caledonian
orogenies and the rifting phases in the Late Palaeozoic and later times.

The southern Nordkapp Basin is even less pronounced on the magnetic data. No distinct
magnetic low is observed and the dominant magnetic high associated with the Norsel High (M-
BH8) reaches far into the basin with a long-wavelength anomaly and covers the northeastern
part of the southern Nordkapp Basin, concealing the basinal characteristics and large depth to
basement depth in this area (Fig. 10.2). Although a relative high is observed in both the gravity
and the magnetic data, the lateral extension of the magnetic anomaly far exceeds the one seen in
the gravity map. The correlation in itself suggests an old, probably uplifted, basement block of
high density and magnetisation. As discussed earlier, the different shapes of the anomalies and
the much wider magnetic anomaly indicate the presence of additional high-magnetic to
intermediate dense material, e.g. mafic rocks. It is likely that some mafic material intruded into
the basement and the sedimentary succession during the various rifting phases and that volcanic
rocks accumulated on top of the paleosurface. From 2D modelling, magma infiltration along
detachment faults is also suggested (Ch. 11). Carboniferous dolerite dykes are, for example,
exposed on Magergya and Late Devonian dykes on the Varanger Peninsula (Lippard & Prestvik
1997, Robins 1998, Guise & Roberts 2002, Rice et al. 2004). Although the presence of volcanic
material in the southern Nordkapp Basin has, to our knowledge, not been confirmed so far, we
propose this model to explain the contradictory expressions of the gravity and magnetic data.
Furthermore, there is definitely more evidence for the presence of high-magnetic material in the
vicinity of the Nordkapp Basin. Two noticeable lineaments are crossing the southern Nordkapp
Basin, trending NE-SW and NW-SE. The NE-SW-trending structures were discussed earlier as
first-order lineaments, probably associated with the northern boundary of the Masgy Fault
Complex and a reactivation of old Caledonian faults during the opening of the Nordkapp Basin.
The NW-SE-striking lineament runs through the central southern Nordkapp Basin and can be
traced far into the Finnmark Platform. Because of its orientation it can be of Precambrian age
similar to the lineaments observed farther north, north of the Norsel High and in the
southeastern central Nordkapp Basin.
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In contrast to the other magnetic patterns this NW-SE striking lineament shows an apparently
sharper and symmetrical signal, which indicates the presence of dykes or fault-intruded high-
magnetic material (Grauch et al. 2001, Grauch & Hudson 2007). In this particular case, we
suggest that it is a fault intruded by mafic material. Based on Euler deconvolution, the depth to
the source is rather shallow and definitely intra-sedimentary (up to ~3500 m). Unfortunately,
none of the three seismic lines crosses this feature. Even so, depending on the dip angle and
thickness of the intrusions, such bodies may be difficult to see on seismic sections. However, as
shown before, volcanic rocks and mafic intrusions are rather common in the basement. For the
southern Nordkapp Basin and parts of the Finnmark Platform, we suggest a discrete volcanic
event, possibly associated with the rifting of the Nordkapp Basin and a likely uplift of the
basement block of the Norsel High. Mafic material was most likely emplaced into the southern
Nordkapp Basin mainly southeast of the Norsel High and intruded along reactivated Caledonian
or older basement faults.

Shallow magnetic patterns in the Nordkapp Basin show both NE-SW- and NW-SE-striking
lineaments, indicating the likely pre-existence of Precambrian and Caledonian faults. We have,
however, observed a gradual decrease in the NE-SW-trending magnetic patterns within the
Nordkapp Basin towards the east. Although the densely distributed salt diapirs within the basin
might blur many of the fault patterns, this can be considered as an additional indication for the
gradual thinning of the Caledonian nappes and thrust sheets towards the east.

10.1.8 The Ottar Basin

The Ottar Basin is situated between the Loppa High and the Mercurius High in the northwest
and the Norsel High in the southeast. According to Breivik et al. (1995) the basin is ¢. 170 km
long and 50-80 km wide with a predominant NE-SW trend. Two large salt domes are present
within the basin, the Samson and the Norvarg domes. The domes were apparently created by
non-penetrative movements of deeply buried, Upper Palaeozoic salt (Gabrielsen et al. 1990,
Gudlaugsson et al. 1998). From the gravity and magnetic data they appear rather
inconspicuous; two gravity lows are visible to the north and east of the Norsel High, separated
by a NW-SE-oriented narrow bar with relatively higher gravity. For the magnetics, the
signature of this basin is even smaller; two minima are visible, slightly displaced compared to
the gravity anomalies. The southern one appears to be better developed. In comparison with the
Nordkapp Basin the long-wavelength content in this area is rather high. No indications of salt
diapirism have been observed. Magnetic or gravity patterns of shallower origin are almost
absent and points to a different evolutionary history. From the magnetics, undisturbed
Caledonian nappe related anomalies can be observed in the southern part of the basin. Fault-
related structures are observed in the north around the Norvarg Dome and were discussed
previously.
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Surprisingly little is published on the Ottar Basin. Identified as late as 1988 by Jensen & Broks
(1988), Breivik et al. (1995) subsequently carried out an intensive study on the deep-seated,
immobilised salt in the basin and estimated the basin’s depth. They provided evidence for a
wider and deeper basin than had been reported from previous studies (Dengo & Rgssland 1992,
Jensen & Sgrensen 1992) and concluded that the Ottar Basin is a much more important
structure than previously thought, comparable in dimensions and depth to the Nordkapp Basin.
From gravity modelling across the Norvarg Dome, Breivik et al. (1995) estimated a basin depth
of about. 9.5 km and an average salt thickness of 2.4 km. Across the Samson Dome, salt was
observed below the near base Permian reflector and the salt thickness was estimated to 3.5 km
(Breivik et al. 1995). Gudlaugsson et al. (1998), however, assumed an even greater salt
thickness of 4-6 km and interpreted the Ottar Basin as a major, Late Palaeozoic, rift basin.
Based on the new magnetic data we propose that the basin developed possibly during only one
major rifting phase in the Late Palaeozoic. The absence of almost any magnetic pattern suggests
that there was only a minimal reactivation, if any at all, in later times. Later rift phases might
also have led to a mobilisation of the salt, similar and comparable to that in the Nordkapp
Basin.

10.1.9 The Finnmark Platform - Kola Kanin Monocline

The Finnmark Platform formed a relatively stable and slowly subsiding block during the Late
Carboniferous and Permian, influenced only by movements along NE-SW (Caledonian) and
NW-SE (Timanian) trending structures (Gabrielsen et al. 1990, Alsgaard 1993, Gee & Pease,
2004, Rafaelsen et al. 2008). It is bounded to the northwest by the deep Harstad and Tromsg
basins and to the north by the Hammerfest and Nordkapp basins. From the mid-Carboniferous
and throughout the Permian, the platform formed a northerly dipping, distally steepening
carbonate ramp with build-ups (Samuelsberg et al. 2003). In the new magnetic dataset the
Finnmark Platform occupies the southern parts of the survey area.

In the south easternmost part of the new survey, a broad, NW-SE-elongated gravity low (G-FL4
and G-FL5) is observed. The minimum has an analogue in the magnetic data (M-FL2 and M-
VL1), but a more distinct magnetic pattern is also visible and probably disturbs a response from
a deep and old structure. It is situated to the north of the Varanger Peninsula and coincides with
a northwestern prolongation of the Kola-Kanin Monocline (Fig. 10.3b). The NW-SE regional
trends also coincide with well-known onshore Archaean and Proterozoic megastructures
(Karpuz et al. 1995, Roberts et al. 1997) that are further discussed in the next chapter dealing
specifically with onshore-offshore relationships. To the west, the gravity map is dominated by
relative gravity highs (G-FH3 and G-FH3), in an area where the magnetics show a
contradictory picture with local but significant lows (M-FL3 and M-FL4). A correlation with
gravity is observed only for the magnetic high in the central part of the Finnmark Platform (M-
FH2), at least in the western part. Except for the Kola-Kanin Monocline, where gravity and
magnetics correlate, the identified gravity highs and lows appear to be of a more regional
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character. The magnetics, however, seem to spot rather local and probably shallower features,
except for the M-FH2. This structure is most likely basement-related and shows a clear linear
trend associated with the development and eastward propagation of the Caledonian nappes.

The magnetic signature of the Finnmark Platform is complex and involves both shallow and
deep magnetic sources. Due to the natural ambiguity of potential field data it is difficult to
distinguish between all the factors especially because they interact. The subsidence patterns,
bathymetry and shapes of the sedimentary basins are commonly controlled by the deep
basement architecture of the platform and, similar to the Bjarmeland Platform, some correlation
also exists between deep structures and subcropping units. Nevertheless, the deep-seated
contributions are certainly most important for explaining the amplitude of the gravity and the
magnetic total field. Short-wavelength features highlighted by filtering (high-pass or tilt
derivative) may represent the lithological contrasts of shallow faults rooted or controlled by
deeper crustal faults or shear zones (Figs. 10.6a & b).

Whereas the Caledonian trends dominate on the Bjarmeland Platform, we observe on the
Finnmark Platform a similar influence of both the Caledonian and the earlier Timanian trends.
The Timanian trend is clearly expressed in major and deep-seated fault structures such as the
Austhavet and the Trollfjorden-Komagelva fault zones. The orientations of the Kola-Kanin
Monocline and the Tiddlybanken Basin are also parallel to the NW-SE trend. Second-order
magnetic lineaments observed offshore and fault systems mapped onshore in northern
Finnmark (e.g. Lippard & Roberts 1987) actually show both NW-SE and NE-SW trends, but
the Timanian trend is definitely dominating and towards the east the NE-SW trends are almost
no longer visible. Roberts & Siedlecka (2002) considered that the Timanide orogen, centred in
the Russian southern Barents Sea, the Pechora Basin and the Timans, had a major influence on
the basement configuration of the eastern Finnmark Platform, whereas the Caledonian and
Innuitian orogenies were more active in the western and northern parts of the Barents Sea
(Rennevik et al. 1981).

On the other hand, the characteristic, curved and eastward-convex, magnetic signature of the
Caledonian propagation is clearly visible on the Finnmark Platform and even farther to the east
than on the Bjarmeland Platform. With the Masgy and Thor Iversen fault complexes and the
observed NE-SW-trending complex on the Finnmark Platform, another pattern from
Caledonian times is observed. The entire impact of this fault complex zone, however, is not yet
clear. Especially in the area south of the narrowest part of the Nordkapp Basin, with an apparent
strike-slip component noted along the lineaments, the more chaotic magnetic pattern remains
suspicious and unclear. Based on observed kinks in some of the lineaments to the south of the
complex zone, we suspect the presence of an approximately 30 km wide and apparently N-S-
oriented belt that may have acted as a transpression zone, perhaps limited to the sedimentary
units and with no basement structures involved.
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From the new magnetic data, the north-eastward propagation of the Caledonides shows a rather
clear magnetic signature, obviously related to the different nappes or thrust sheets, which is
curved and convex to the east in the offshore regions. We assume a similar nappe-like structure
to that observed in the onshore regions of Finnmark with varying thicknesses of the
allochthons. The boundary of these different nappes possibly associated with fault generation
and/or block rotation, generates this characteristic magnetic signature. The significant high-
magnetic amplitudes also suggest an involvement of the Precambrian basement in the
Caledonian deformation at least in the northwestern part of the survey area. Analogues for such
a deformation can be found on the mainland in West Finnmark (Olesen et al. 1990). The
Precambrian rocks within the Alta-Kveaenangen and Repparfjord-Komagfjord tectonic windows
were for instance, partly deformed, thrusted and rotated during the Caledonian nappe
emplacement (Roberts 1985, Gayer et al. 1987).

The region in and around the Nordkapp Basin is heavily disturbed due to the rifting and basin
development, but a correlation of the different lineaments to the south and north of the southern
Nordkapp Basin can be made by amplitude analysis. A marked high-amplitude lineament in the
central part of the survey area is trending NNW-SSE into the Norsel High anomaly,
disappearing at the Nordkapp Basin and continuing farther south on the Finnmark Platform,
north of the Nordkinn Peninsula. To the east, the amplitude of this pattern is fading out and on
the Bjarmeland Platform north of the central Nordkapp Basin it is already absent. An
explanation for this could be a reduced magnetic contrast between the different nappes to the
east, probably combined with reduced folding and thrusting of the involved Precambrian
basement and/or an increased thickness of the overlying sedimentary rocks, which are likely to
conceal the magnetic signature deriving from the basement. In our opinion it is a bit of both: the
folding and faulting of the basement is diminishing to the east, as can also be observed onshore
on Varanger Peninsula for the Lower Allochthon for example (Siedlecki 1980, Gernigon et al.
2007b, Herrevold et al. 2009). To the north, the younger sedimentary succession is considered
to thicken and this can explain the absence of the magnetic signature in this part of the survey
area.

In the southernmost part of the survey area the new aeromagnetic data highlight new positive
trends and structures. The southwestern Finnmark Platform, as shown by the new aeromagnetic
data, is dominated by NW-SE and NE-SW-striking lineaments, which can partly be traced
across the Austhavet Fault Zone. In the southeastern part of the platform, WNW-ESE-striking
lineaments are observed northeast of the Varanger Peninsula (e.g. Fig. 10.6a). They coincide
with discrete gravity changes in the Finnmark Platform and can be correlated with thrusts and
folded structures onshore described in some detail in the following chapter. A prominent N°80-
trending high-amplitude and elongated magnetic anomaly (M-FH1) is particularly noticeable
here and clearly delimits two magnetic domains in the southern part of the Finnmark Platform
and also coincides with discrete trends in the gravity signature.
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The new magnetic data also refine the magnetic picture of the hinge zone located between the
Finnmark Platform and the Kola-Kanin Monocline. North of the Varanger Peninsula, the
deeper part of the Finnmark Platform is characterised by an underlying rift topography with
fault blocks containing siliciclastic sedimentary rocks of Early Carboniferous age. These rocks
were onlapped in the Mid Carboniferous in certain intervals by minor carbonate evaporites
(Bugge et al. 1995). Exploration wells have been drilled on the Finnmark Platform, all reaching
the Upper Palaeozoic (7120/12-4 on the western platform and 7229/11-1, 7128/4-1, 7128/6-1
and 7228/9-1 in the east, Larssen et al. 2005). The Palaeozoic sedimentary rocks are overlapped
by Triassic and Cretaceous units, tilted to the north and truncated in the southern part of the
platform (e.g. Bugge et al. 1995).

The Kola-Kanin Monocline represents a thick complex of Riphean to Vendian age, which
extends into the southern part of the BAS-06 survey area. The regional gravity low could
roughly represent the potential field expression of the West VVaranger Graben, which is part of
the Kola-Kanin Monocline. The thickness of the Riphean metasedimentary rocks may be as
much as 10 km on the Kola Shelf but is probably less north of Varanger Peninsula. These
formations underlie the Palaeozoic and Mesozoic sedimentary successions that pinch out on the
southern flank of the monocline. A more detailed description of the eastern provinces and their
interrelationships can be found in Gernigon et al. (2007Db).

10.1.10 Onshore-offshore relationships

The recent datasets BASAR-09, BASAR-08 and BAS-06 partly overlap onto the northern
onshore parts of the Finnmark and Troms region (Fig. 10.10). This overlap allows us to
constrain and understand the meaning of the magnetic anomalies, which extend offshore (e.g.
Gernigon et al. 2007b, Bronner et al. 2009). With the new compilation, a comprehensive and
high-resolution magnetic dataset for the Finnmark Platform is available and can be linked with
onshore observations.

The principal features of the bedrock geology of the Finnmark and Troms region are described
on the NGU 1:500,000 bedrock geology map by Siedlecka & Roberts (1996) for the Finnmark
and on 1:250,000 bedrock map sheets by Roberts (1973), Zwaan (1988), Grogan & Zwaan
(1997) and Zwaan et al. (1998) for Troms (Fig. 2.1). The geology is described more fully in
many of the published papers cited in chapter 2, section 2. The previous aeromagnetic magnetic
compilation of the Finnmark Region (Olesen et al. 1990) has also been merged with the new
aeromagnetic data to provide a better onshore coverage of the new survey (Fig. 10.10).

The new aeromagnetic data improved the resolution of the magnetic field in both the offshore
and the onshore areas in northern Finnmark and also in the offshore areas of Finnmark and
Troms. The higher resolution has revealed a large number of interesting onshore-offshore
relationships which, for eastern and central Finnmark, have already been discussed in the BAS-
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06 and BASAR-08 reports (Gernigon et al. 2007b, Bronner et al. 2009). The new magnetic
compilation comprises also the new data from BASAR-09 and the lately released dataset of the
HRAMS-97/98 survey. Both surveys are mostly limited to the offshore regions, but could
improve the magnetic signature along the Finnmark Platform quite substantially and, together
with the previous survey, provide a comprehensive overview of the structures along the entire
North Norwegian coast. For the sake of completeness, the previous interpretation is
summarised here, slightly updated and complemented by the new magnetic data and the
observations to the west.

3

18° % 2 24 26 28° 30° 32° 34
350000 400000 450000 500000 550000 600000 650000 '700000 750000 950000
ST 3 < s = T S T = T \

7950000
000056

7850000 7900000
0000062

000058

7800000
000008

7750000
0000SLL

7700000
000004L

\ ¥ //
Lineaments reflecting NW-SE striking faults in the shallow secimentar ’/ L’W b
= y PN
A diferent stages of the  __—= i _a— Servestnaget and O s oo, 20 T i s s e e
& Cale pes T ins /ﬁ ° ~
8 : | 4 ,/ (metars) 2
S|~ Majorfautiineaments Precambrian trend & e 2 2 3
o probably strike slip lineaments A = (=]
@ = > 8

350000 400000 450000 500000 550000 600000 650000 700000 750000 800000 850000 900000 950000
18° 20 220 24 26° g 30° L

Figure 10.10 Onshore-offshore correlation utilising the TMI data from the new regional compilation
with the main structural interpretations.

From the magnetic data, two principal trends are observed, striking NE-SW and NW-SE,
intersecting approximately northwest of Magergya. The NW-SE trend is most prominent in the
eastern part of eastern Finnmark (Fig. 10.10) and runs parallel to the Trollfjorden-Komagelv
Fault Zone (TKFZ). This trend obviously correlates with the dominant Timanide-related fault
and fold patterns onshore northern Finnmark the Varanger Peninsula and on the Finnmark
Platform (see above). Such NW-SE-trending faults are also present on Nordkinn Peninsula.
These faults were active during Late Palaeozoic extension (Roberts & Lippard 2005), locally
with coeval mafic dyke intrusions, which would explain the high and sharp magnetic signal
along these faults. Offshore on the Finnmark Platform and in the southern Nordkapp Basin we
observe additional NW-SE-striking features with a similar amplitude pattern, emphasising the
Late Palaeozoic rifting as the major tectonic event in this area, coupled with mafic intrusions
and possibly sills. Farther west, NW-SE-trending structures are fading out. Some lineaments
with this orientation are visible offshore on the Finnmark Platform north and northwest of
Sgrgya and onshore on Sgrgya and Kvalgya, but in contrast to the Varanger Peninsula there is
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no observed correlation with the onshore geology. The Kalak Nappe Complex (KNC) conceals
these structures, which clearly originated in the underlying Precambrian crystalline basement.

NNE-SSW- to NE-SW-trending faults represent the second group of faults observed in northern
Finnmark (Lippard & Roberts 1987), Troms and offshore. The NE-SW offshore faults are
known to have been active in Devono-Carboniferous time (Gabrielsen 1984, Bugge et al. 1995)
in this southwestern Barents Shelf domain, presumably reflecting the Caledonian structure (e.g.
Faleide et al. 1984, Gabrielsen 1984), and are also locally well expressed in the surface geology
(Fig. 2.1). The magnetic signature of these patterns is continuously observable in the offshore
areas, but the geology onshore Norway does not reflect this trend.

On the Varanger Peninsula NE-SW -oriented lineaments are quite pronounced (Karpuz et al.
1993b) and can be traced far into the offshore areas on the Finnmark Platform. In the
westernmost part of the peninsula the Tanahorn Nappe and the subjacent Gaissa Nappe
Complex constitute a 'metamorphic front' of the Caledonide orogen, which is well expressed in
both magnetics and geology. This structure can be followed into the Barents Sea and links
perfectly with an eastward-bending structure which is part of a set of lineaments and most
likely expresses different stages in the eastward propagation of the Caledonian nappes (see
above). East of the base of the Tanahorn Nappe, the magnetic trends vary mainly from NW-SE
close to Berlevag to N°70-N°80 farther to the east, defining a distinct magnetic region within
the Lower Allochthon. The main N°70 magnetic anomaly trend observed in this southern part
of the Barents Sea Region correlates with the formations and thrusts observed between
Kongsfjorden and Syltefjorden (Fig. 10.11). Strike slip components are assumed and offshore
anomalies seem to be affected by minor dextral strike-slip offsets along the N°110-trending
Austhavet Fault Zone.

Farther west, on the Nordkinn Peninsula, however, the magnetic signatures change
significantly. Although NW-SE trending faults are still observed west and southwest of
Nordkinn, NE-SW-striking, high-amplitude lineaments that flank the peninsula to the east and
west become predominant and reflect the general strike of the strata in this wide area. This high
magnetisation was observed already on the NGU-70 aeromagnetic datasets in the eastern part of
the Nordkinn Peninsula (Am 1975), and its origin was ascribed to a profusion of thinbeds and
foresets composed almost exclusively of high-magnetic minerals (magnetite, hematite and
ilmenite) in cross-bedded fluvial metasandstones (Siedlecka & Siedlecki 1970, Siedlecka &
Roberts 1992, Siedlecka & Roberts 1996, Roberts 2007, Fig. 2.1). The distribution of this unit,
shown on the geological map (Fig. 2.1) reveals a remarkably good correlation with the
distribution of magnetic anomalies in the onshore domain, which can be traced offshore
towards the northeast and across the Austhavet Fault Zone. The magnetic lineaments show a
converging trend offshore, suggesting the presence of a major anticlinal fold, plunging towards
north-northeast. The shape of the anomaly offshore and the north-northeast plunge of the main
fold suggest that this part of the KNC offshore may be overrun by a younger thrust sheet just to
the northwest (Fig. 10.11).

101



NGU Report 2010.056 BASAR-09 Project

It generally appears that the low-magnetic KNC not only increasingly blurs the signal of the
underlying Precambrian basement (Olesen et al. 1990), but also that the mapped contacts and
faults are barely expressed in the magnetic data. On Magergya and the Porsanger and Sveerholt
peninsulas, the magnetic anomalies are rather small. Susceptibility measurements on samples
reveal a relatively uniform and low magnetic basement in this region with some local examples
of highly induced magnetisation e.g. in the Honningsvag Igneous Suite (HIS) (Torsvik et al.
1992). The Magergy Nappe is the uppermost unit in the Caledonian tectonostratigraphy of
Finnmark (Roberts & Andersen 1985), and was deformed by large-scale, north-plunging folds
during the nappe emplacement in Silurian time. The metasedimentary rocks are intruded by the
HIS, which has been modelled by Lanne & Sellevoll (1975) and Torsvik et al. (1992) to a depth
of approximately 6 km.
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Figure 10.11 Onshore-offshore correlation: TILT derivative with main structural interpretations and
onshore geology map (Siedlecka & Roberts, 1996).

The westernmost part of the KNC is almost free of NE-SW-striking lineaments, except for the
Repparfjord-Komagfjord window, south of Kvalgya, which comprises Palaeoproterozoic rocks
of the Raipas Supergroup, which were deformed and metamorphosed during the polyphase
Svecofennian Orogeny at 1.85 Ga (Pharaoh et al. 1983). During the Caledonian Orogeny a
reactivation of the underlying basement and thrust rotation occured (Gayer et al. 1987) such
that NE-SW-striking lineaments now predominate on both magnetic and geology maps.

The BASAR-09 survey unfortunately did not extend onshore into mainland Norway, but
covered just the northernmost islands of Sgreya and Rolfsgya. The new dataset therefore only
provides limited new information regarding an onshore-offshore correlation in western
Finnmark. However, in the new magnetic compilation the BASAR-09 data were merged with
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the existing data sets onshore Norway and the data were evaluated for onshore-offshore
features.

In this area of western Finmmark almost no lineaments were observed onshore which could be
traced into the offshore areas. Furthermore, the NE-SW trend, which is generally known to be
the main trend of the Caledonide Orogen, is absent. As discussed before (Ch. 2, section 2), the
Reisa and Kalak Nappe Complexes comprise low-magnetic bedrock units, which one could
expect to produce rather small amplitudes along faults and contacts within the nappes. On the
other hand, NE-SW-striking features are clearly observed in the offshore regions, where new
data were acquired during the BASAR-09 survey. One could conclude that the magnetic data
onshore Norway are of lower quality with too low a resolution to map these features. However,
some areas like Sgrgya, northern Kvalgya and the northern Porsanger Peninsula were covered
with new aeromagnetic data and they are showing the same poor correlation between magnetics
and geology and the missing NE-SW striking lineaments. One could perhaps conclude that the
NE-SW-trending lineaments are related to a major strike-slip shear zone, running all the way
from offshore Troms to south of the Nordkapp Basin, probably associated with the Masgy and
Thor Iversen Fault complexes (Barrére et al. 2009b). The inferred trend is comparable to that of
the Mare-Trgndelag Fault Complex in central Norway, indicating a rather old and regional fault
complex, which was exposed to several periods of reactivation. The structure is limited to the
offshore areas and seems to be truncated in the south at the Bothnian-Senja shear zone.

If we summarise the structural interpretation of the new magnetic map for the southern
Norwegian Barents Sea, we would conclude that there are very few or no magnetic signatures
from the Uppermost, Upper and Middle Allochthons, in either the onshore or the offshore areas.
Only in the Upper Allochthon in the eastern part of Magergya and further eastwards to the
metamorphic front, in the Middle and Lower Allochthons, a structural correlation can be
observed.

The magnetic expression of faulting and thrusting is the combination of basement
magnetisation and remagnetisation during tectonic processes (e.g. Grauch & Hudson 2007). For
the Lower Allochthon, and to some extent also for the Middle Allochthon, high-magnetic
Precambrian basement is involved and underwent a significant and probably deep-seated
tectonic deformation, whereas the higher-grade Upper and Uppermost Allochthons apparently
show more ductile characteristics on top of the underlying nappes, with much less deformation
involving the underlying basement, and are consequently not discernible in the magnetic data.

The strike-slip feature on the Finnmark Platform offshore western Finnmark, however, is
noticeable and must thus be considered as a deep-seated, crustal-scale thrust complex, possibly
activated in Late Ordovician to Early Silurian times at an early stage of the Laurentia-Baltica
collision. The origin of this structure, however, remains speculative. Based on the magnetic
data, a relationship with the emplacement and/or evolution of the Loppa and Stappen highs is
conceivable.
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11 2D MODELLING ALONG SPECIFIC TRANSECTS
Laurent Gernigon

Both gravity and magnetic data are independent of seismic data and are sensitive to different
physical parameters. Therefore, an integrated study can support the interpretation in
exploration and regional investigation work and allow us to test further structural and
geological models. The most recent gravity and magnetic NGU compilations already
highlight the complexity of the study area and provide complementary and new information
about structural trends, dyke intrusions, basin segmentation and crustal features that are
often not clearly observable and detectable on seismics (Gernigon et al. 2007, Bronner et al.
2009). A joint interpretation that successfully combines seismic and potential field data will
produce a synergy that would significantly improve the geological, regional and structural
interpretation of potential prospects in the vicinity of the Bjgrngya Basin (BB), Loppa High
(LH) and Stappen High (SH), now well covered by the new BASAR-09 survey.

Joint gravity and magnetic modelling will be carried out to validate our interpretation of
basinal and crustal structures. Particularly the crustal nature of the BB, SH and LH remains
unclear and is better assessed by forward modelling of the gravity and magnetic field
combined with advanced inversion techniques. In the discussion, we also aim to test and
describe the crustal and tectonic mechanisms that have controlled the joint development of
the SH, LH and BB since the Caledonian Orogeny.

When dealing with the petroleum implication for the Western Barents Sea region, the top
basement interpreted from magnetic and gravity depth estimates is often the best available
approximation to the true crystalline (i.e., metamorphic/igneous) basement configuration.
Basement depth (or equivalently, sedimentary thickness) and basement types are primary
exploration risk parameters. Estimates of basement depth are directly applicable to basin
modelling (e.g., source rock volume estimation) and thermal maturity applications (e.g.,
source rocks burial depth). Basement structure inferred from magnetic depth estimates
provides insight into the evolution of more recent sedimentary features (e.g., sub/minibasin
compartmentalisation, salt structure distribution/kinesis, localisation of reservoir-bearing
structures, sand channels) (Gernigon et al. 2007c, Olesen et al. 2010). In areas where the
inherited basement fabric/architecture has been affected (either continuously or
episodically) the basin development and main faults are commonly of basement origin.

The movement and flow of fluids within a basin, such as hydrocarbon migration along

lateral and vertical carrier beds, can be facilitated by such basement-involved sedimentary
faults/fractures. Basin heat-flow patterns can also be moderated by fluid circulation along
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Figure 11.1 Outline of the main structural elements of the western Barents Sea (modified after
Gabrielsen et al. 1990) and location of the four transects modelled and discussed in the present
chapter. The map also shows some of the main geological units of western Finnmark from the
geological map of the Arctic (Harrison et al. 2008) and highlights the main structural highs (in
pink) in the western Barents Sea. The blue polygon represents the outline of the new BASAR-09

aeromagnetic survey.

basement-involved fault systems. Thus, the ability to estimate/interpret basement structures
via magnetic depth estimates provides a more complete understanding of critical first-order

basin exploration parameters.
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This chapter presents the preliminary results established along four regional transects
selected across the new BASAR-09 aeromagnetic survey.
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Figure 11.2 Free-air gravity map of the western Barents Sea and location of the regional transects.
The map also shows the main onshore geological units. The Loppa and Stappen highs produce
significant gravity positive anomalies. The Hammerfest, Tromsg and Bjgrngya basins are

characterised by gravity lows.
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11.1 Potential field modelling: methods and assumptions

11.1.1 Gravity and magnetic modelling

The interpretation and modelling processes described here were designed and carried out to
quantitatively validate the interpretation of the NBR07-232948, BV03-86, BV12-86 and
7355-94-11 seismic lines located on figures 11.1, 11.2, 11.3, 11.4 and 11.5. Methods and
workflow carried out during this study are summarised in figure 11.6.

In the study area, the basin geometry is generally well constrained by the reflection seismic
data down to at least Permian depths, but the main unknowns remain the importance and
distribution in depth of the pre-Permian (Palaeozoic) basins and low-grade metasedimentary
rocks. More specifically and as further described below, poor seismic imaging (even on the
more recent Fugro lines) does not always allow a proper understanding of the basin
architecture northwest of the LH towards the SH.

Both gravity and magnetic anomalies (Figs. 11.2, 11.3) provide relevant indications about
the nature and distribution of the main magnetic basement units. Combined with long-offset
seismic lines, the anomalies provide an independent means of analysing the basin and
basement architecture. Despite the large uncertainties about the basement depth in most of
the study area, forward modelling allowed us to quantify and/or estimate its geometry to
some degree. The quantitative interpretation of potential field data aims to estimate three
types of information about sources of geological interest: 1) the depth to basement, 2) the
dimensions of the basement terranes dimension, and 3) their relevant physical properties.
Such an interpretation suffers from inherent ambiguity. It is impossible to obtain all three
types of information simultaneously without other constraints. In many applications, we are
often interested in depth rather than either dimension or physical property contrast.

11.1.2 Forward modelling

Using 2%D forward modelling, we can better constrain the depth to basement, identify
several characteristic features in the distinct petrophysical properties and better assess the
crustal architecture along three regional transects. This technique has been used and also
further described in the previous NGU reports already provided to the BASAR-08 partners
(Bronner et al. 2009).

The 2%D forward modelling has been carried out using the commercial software GM-SY'S
(Northwest Geophysical Associates Incorporation 2006). GM-SYS is an interactive gravity
and magnetic modelling program applying a method of summing the effects of irregular
polygons modified after Talwani (1973). The method also uses the divergence theorem
(Blakely 1995) for the magnetic modelling. With the 2%D approach, structures (bodies) of
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varying and limited extent, both laterally and perpendicularly to the line and in front of and
behind the plane of the profile, may be defined and their effects included in the calculated
anomaly.
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Figure 11.3 Location of the regional transects on the magnetic total field anomaly map of the
southwestern Barents Sea. Note the prominent positive and regional anomalies associated with the
Loppa and the Stappen highs.

The shallow geometry of the models is based on the interpretation of major seismic
reflectors interpreted on the seismic sections provided by Det norske oljeseslkap ASA (Fig.
11.1). The line drawing interpretation has been carried out at NGU.
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Our modelling procedure (Fig. 11.6) includes a direct interaction with the seismic data and
the magnetic and gravity field. The SEGY files have first been depth-converted for this
specific project and the depth-converted SEG-Y files have been imported as background
and guide in GM-SYS. The few available wells have been used to constrain the shallower
levels and provided velocity information used to refine the velocity model. Check-shot
values (provided by K. Hogstad) were used to refine locally the initial velocity model, by
dynamic readjustment of the velocity grid using the Themis-Easydepth™ software (Beicip-
Franlab 2002).

The modelled layer geometries in the top 5-10 km below the sea floor are relatively well
constrained by the seismic interpretation. Wherever possible, features interpreted on the
seismic data have been used to constrain the geometries of the basins and various geo-
bodies (e.g. main depocenter, faults, salt diapirs, etc.) were included in the modelling, where
indicated.

Along the different transects, the middle crust boundary and the Moho have only been
modelled in order to fit the overall gross shapes of the potential fields and to be consistent
with the limited crustal information including, for example, the IKU transects (Gudlaugsson
et al. 1987) and recent regional compilations (Ritzmann et al. 2007). To constrain the initial
Moho depth, we used a recent Moho compilation of the European plate (Grad et al. 2009)
which provides an updated version of the Barents50 model (Ritzmann et al. 2007). In the
southern part of the survey, we also obtained deep velocity information from the OBS
modelling published by Mjelde et al. (2002).

The models were constructed in different steps including: 1) the definition of the 2D initial
crustal geometry, 2) the lateral and perpendicular extension of the main seismic horizons to
infinity in order to reduce the edge effects when necessary; 3) the definition of the
appropriate density and susceptibilities values, 4) indirect information from Euler and
Werner deconvolution tested by 5) the forward modelling.

For every sedimentary interval of velocities we attributed a density using appropriate
velocity-density functions (Nafe and Drake 1957, Gardner et al. 1984, Christensen and
Mooney 1995, Birch 1996, Godfrey et al. 1997). The average density for each polygon can
then be calculated from the interval velocities measured and/or expected in the deep part of
the basins. Top basement and Moho usually coincide with the main density contrasts in the
lithosphere. Furthermore, petrophysical constraints were adopted from the recent onshore-
offshore compilation of Barrere (2009).

Density, magnetic susceptibility and remanence values from onshore samples measured at

NGU (Troms and Finnmark regions, Olesen et al. 1990) were chosen as starting values in
the models. Average density values were applied to all layers. The densities of the
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sedimentary layers are based on a review of the available well data (Tsikalas 1992,
Gernigon et al. 2007). Tables published by Breivik et al. (1995, 1998) and Ritzmann et al.
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Figure 11.4 Tilt derivative filter (TDR) of the magnetic total field. The TDR enhances the subtle
magnetic anomalies and maximizes the geometrical contrast of the internal basin structures. To
remove noise and levelling still existing on the old compilation (BASAR-09 not included), a
Butterworth filter has been applied on the total magnetic field before TDR and deconvolution
calculation. The TDR has the property of being positive over a source and negative elsewhere. The
TDR tends to enhance mapping of the subtle magnetic anomalies and maximizes the geometrical
contrast of the internal basin structure. The TDR compared with other edge detection measures (e.g.
the horizontal gradient, the second vertical derivative and the analytic signal) have some advantage
of responding well to both shallow and deep sources. Using synthetic models, Verduzco et al. (2004)
showed that the TDR has its zero values close to the edges of the body for RTP corrected fields.
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(2007) based on velocity—density relationships for the deepest sedimentary units obtained
from the seismic refraction and reflection/gravity studies have also been considered. In our
model we set an average density of 2750 kg/m3 for the upper crust, 2950-3100 kg/m? for the
lower crust and 3300 kg/m? for the upper mantle. Sediment densities vary from 2100 to
2650 kg/m3. These values and density contrasts are consistent with the regional models
carried out in the previous projects. The petrophysically attributed geometrical models were
subsequently iteratively modified using forward modelling and inversion techniques and
adjusted to the observed gravity and magnetic fields.

The body responses were modelled in their correct x, y and z locations not projected into a
plane. The calculations do not take into account the spherical and curvature effect of the
Earth over the distance of the baseline. Induced errors due to this assumption, based on
comparison of similar modelling and spherical 3D models by Wienecke et al. (2007), are of
the order of 10%, which is considered as insignificant for our modelling.

11.1.3 Magnetic modelling

Interpretation and modelling of magnetic data are usually more complex and tricky as
compared with gravity data. The magnetic susceptibilities of the different rock types can
differ by 2 to 3 orders of magnitude, in contrast to gravity data where crustal densities differ
only by 30%. Our model considers reasonable geological assumptions but the reader should
be aware that magnetic modelling always has to apply simplifications due to uncertainties,
the lack of direct measurements and method limitations. Particularly the part of remanence
versus induced magnetisation is not well constrained. The combined interpretation of
seismic, gravity and magnetic data and a relative understanding of the tectonic setting
generally reduce these uncertainties and ambiguities. At this stage, only relative and average
variations of the rock susceptibilities can be proposed.

Magnetic modelling helped to split and identify the crust into blocks of contrasting magnetic
properties. Onshore-offshore relationships (Fig. 10.13) also help us to understand the
meaning of the main gravity and magnetic provinces. For modelling, magnetic induction (Ji)
is assumed to be the principal method of generating magnetic anomalies in continental crust;
in these bodies the dimensionless apparent Kénigsberger ratio (Q), the ratio of the remanent
magnetisation to the induced magnetisation, is set to zero. Some inferred igneous bodies and
terrains could have non-zero Q values, implying a local contribution from magnetic
remanence (Jr) to fit the observed magnetic anomalies.

In the absence of detailed magnetic measurements on drillcores from the Barents Sea
basement, the magnetic properties of the crust along the BASAR-09 survey remain the
least-constrained part of our validation process. Magnetic data are normalised to the current
magnetic field, but this field was frequently reversed in the Earth’s geological past, resulting
in strong negative magnetisations in the dataset. The true values of Q might be significantly
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different to those modelled if there is a high angle between real remanent vectors and the
current-inducing field vector.

Inclination and declination have been aligned to the present-day geomagnetic field observed
in the central part of the transect (average inclination 1= 79.4°, average declination D=7.4°).
The induced magnetisation (H) is proportional to the strength of the present-day induced,
geomagnetic field (B) (B=53646 nT). Aligning the induced magnetisation and the
remanence magnetisation corresponds to adding their respective vectors. This simplification
tends to give maximum magnetisation values and we consider the direction of the remanent
field to be the same as for the induced field. This is usually the case for felsic to
intermediate crystalline rocks. The ratio of remanent magnetisation (Jr) to induced
magnetisation (Ji) is expressed by the Konigsberger ratio (Q-ratio) (Olesen et al., 1991).

The remanent magnetisation of the Archaean to Palaeoproterozoic and Caledonian rocks is
related to the abundance of magnetic minerals within the rocks and the thermo-mechanical
history and geomagnetic field when the rocks formed. In order to compute the Q-ratio, both
magnetic susceptibility and remanence were considered for each unit. The Q-ratio was
estimated for each block and geologically interpreted with respect to published values. From
the values published by Olesen et al. (1990), Barrére et al. (2009), a mean remanence of
0.2-0.3 A/m for the older Archaean to Palaeoproterozoic rocks and mafic complexes and a
remanence value of 0.0001 to 0.01 A/m for the Caledonian rocks were originally selected
(Barrére et al. 2009), tested, adjusted or rejected when necessary. The Curie temperature for
magnetite is 580° C, and therefore we limit the extension of potential magnetic sources to
the basement and lower crustal blocks. Mantle rocks below the Moho are assumed to be
quasi non-magnetic.
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Figure 11.5 Blend image of the Tilt derivative (TDR) and TDX filters of the free-air gravity field.
The TDR enhances the subtle magnetic anomalies and maximises the geometrical contrast of the
internal basin structures. The TDX enhances the edge of each of the anomalies (Cooper and Cowan,
2006). To remove noise still existing on the old compilation, a Butterworth low-pass filter has been
applied on the total magnetic field before the tilt derivative filtering. This composite map highlights

the main basement structures, basins and structural trends of the study area.
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11.1.4 Quantitative approach: Werner and Euler deconvolution

Different methods have been developed to estimate the depth of the magnetic sources by
simple inversion and an overview was presented in chapter 9. These methods consider
simplified source geometries (dimensions) and are independent of the susceptibility
contrast. The depths estimated by such methods can be used as quantitative solutions in
some ideal situations if the anomaly is well isolated and the noise insignificant or well
removed. For 2D modelling, the estimated depths provided a good starting point for a
genuine structural interpretation (e.g., the interactive modelling). Two methods have been
used in the project, 1) the extended Euler deconvolution and 2) the Werner deconvolution.
The methods are usually simple to carry out but require a level of expertise to properly
adjust the main parameter and refine the main solutions. The intelligent use of these two
extreme types of solutions can lead to a close approximation both in terms of depth
estimation and its ability to reveal the geometry of the different magnetic bodies. Indeed,
with some experience we can attain a very good interpretation directly using Werner’s
depth, horizontal location, dip angle, and magnetic susceptibility contrast. Clusters or linear
alignments of Werner and Euler solutions usually indicate, respectively, tops and edges of
different magnetic units or a rough indication of the main magnetic source.
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Figure 11.6 Workflow and integrated interpretation of the potential field modelling.
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11.2 Implementation and modelling results

11.2.1 Transect 1: Section NBR07-232948

General structure and seismic observations

The first transect along NBR07-232948 runs NNW-SSE from the central part of the
Hammerfest Basin to the eastern flank of the SH (Figs. 11.1 & 11.7). This ~260 km long
transect crosses over the southern part of the LH, the Polhem Subplatform and the BB. This
section is the only best seismic profile we could use for this specific BASAR-09 multiclient
project. Compared to the other profiles, the NBR07-232948 provides a much better dataset
help to constrain and identify the different crustal units and structures expected in the
vicinity of the LH and SH areas. Apart from the sea bottom, the main regional horizons
include notably the 1) base Quaternary, 2) base Upper Cretaceous 3) near base Cretaceous,
4) base of Upper Jurassic, 5) Intra-Middle Triassic, 6) near top Lower Triassic, 7) intra
Early Triassic, 8) near top Permian and 9) near top basement reflectors (Devonian-
Carboniferous ?). Wells 7121/1-1R and 7121/5-3 along the NBR07-232948 section have
been used for local calibration.

Hammerfest Basin

Southeast of the NBR07-232948, the Hammerfest Basin (Figs. 11.1 & 11.7) is a relatively
shallow Mesozoic basin, 50-75 km wide, located between the Finnmark Platform and the
LH (Berglund et al. 1986). The structure of the basin is mostly dominated by extension and
shows a clear graben-type feature. A component of strike-slip deformation has been
suggested in the Late Jurassic-Early Cretaceous (Gabrielsen and Feerseth 1989). The basin is
separated from the Finnmark Platform to the south-southeast by the Troms-Finnmark Fault
Complex and borders the LH along the Asterias Fault Complex to the north. The Asterias
Fault Complex has an east-west trend, and is a zone of normal faulting and local
transpression which dies out into the eastern flexure as it begins to trend in a north-northeast
direction. The western limitation of the Hammersfest Basin is defined by the southern
segment of the Ringvasgy-Loppa Fault Complex and its eastern border is marked by a
progressive flexure towards the Bjarmeland Platform (Gabrielsen et al. 1990). The
Hammerfest Basin includes both deep-seated, high-angle faults along the basin margin and a
normal fault detached in the Permian-Carboniferous strata. As earlier suggested by
Gabrielsen and Feerseth (1989), the extension of the Trollfjorden-Komagelva Fault Zone
trend could explain the subdivision of the Hammerfest Basin. The central fault system is
composed of different segments with E-W, ENE-WSW and WNW-ESE-trending faults that
formed the Hammerfest Basin fault system named (informally) by Gabrielsen (1984).
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The origin of the Hammerfest Basin can be traced back to the time of post-Caledonian
orogenic collapse (Gudlaugsson et al. 1998). It has been affected by extension in the
Carboniferous (Berglund et al. 1986) and from the Triassic to Early Jurassic. The basin was
probably a distinct depocentre already in late Scythian time (Gabrielsen et al. 1990). The
main rifting episode initiated in the Mid Jurassic and continued during a period of major
tectonic subsidence (Sag phase) in the Early Cretaceous.

Loppa High and Polhem Subplatform

Further north, the LH is structurally complex and is defined at the base Cretaceous level.
Deep-seated block faulting coincides with the LH’s diamond-shaped outline, afeature which
is also suggested by the gravity and the magnetic data (Figs. 11.2, 11.3).

The seismic profile crossing the western boundary of the LH shows clear evidence of syn-
tectonic sedimentation in response to down-to-the-west normal faulting towards the BB
(Fig. 11.7). The faulting occurred mostly in the Mesozoic (Jurassic-Cretaceous), whilst due
to difficulties in establishing reliable stratigraphic correlations, earlier movements are
documented only from the Permian to the Early Triassic. An angular unconformity at the
crest of the LH was either partly caused by a footwall uplift and erosion in response to
tectonic 'unroofing' in the Carboniferous rifting phase (Gudlaugsson et al. 1998) or could
have been initiated earlier in Devonian time during the inferred post-orogenic collapse (e.g.
Barrere et al. 2009). The NBR07-232948 section suggests the presence of pre-Permian sub-
basins on the footwall of the main LH that could coincide with Carboniferous and/or older
sediments. So far a distinction between Carboniferous and older sediments has not been
possible during the interpretation. The tectonic regime associated with these sub-basins is
also unclear and not necessarily associated with extension.

Bordering the LH to the west are notably the Bjgrngyrenna and Ringvassgy-Loppa Fault
Complexes (Gabrielsen et al. 1990). Some of these faults detached near the base Permian
possibly above small salt layers, also identified on the southern flank of the LH in the
NBRO07-232948 section. Compared to the southeastern flank of the LH, this second
generation of steeper faults affects much deeper formations (Carboniferous) on the Polhem
Platform. Smaller scale faults that are generally located within the highs and basins, affect
them on a minor scale and mostly represent reactivation and compaction features. The faults
creating the sub-platform were active during many phases. Gabrielsen (1984) considered
that they initiated in the Early Permian and that many of the listric faults were formed in the
Late Jurassic to Early Cretaceous and were later reactivated. The Polhem Subplatform
originated as part of a paleo-LH but was downfaulted relative to the crest of the main crustal
block on the LH.

The stratigraphic framework for the LH consists of multiple sub-units that are linked to
tectonic events and changes in accommodation space. The LH has been clearly affected by
several phases of uplift/subsidence, and subsequent tilting and erosion characterise the
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geological evolution of this high. Recent re-assessment of the Upper Palaeozoic stratigraphy
(Larssen et al. 2005) interprets the LH as a Mid Carboniferous rift (topography) filled and
draped successively by Upper Palaeozoic siliciclastic deposits, evaporites and carbonates.
On the eastern flank of the LH, faulting and block tilting on the NBR07-232948 section are
documented from the Late Permian to the Early Triassic, and gradual onlaps of the Early
and Mid Triassic sequences are observed before an unclear phase of rapid subsidence
occurred in the Late Triassic (Larssen et al. 2005). The paleo-LH remained a positive
structural feature throughout Early to Mid Triassic times, possibly acting as a sediment
barrier to prograding systems from the south and east (Smelror et al., 2009). This is notably
suggested by the thinning of the Permo-Triassic sequences observed in the southeastern part
of the section.

The main phase of Late Permian faulting to the west of the LH is most likely related to the
regional extension in the North Atlantic region between East Greenland and Mid Norway.
The relatively thick Upper Permian successions, observed west of the high, were likely
sourced from the paleo-LH and potentially also from the paleo-SH or NE Greenland
Platform, which were closely related before rifting and thinning of the BB.

During Triassic time, multiple phases of smaller scaled uplifts occurred where the paleo-LH
was the main local source area for small scale systems prograding from the west to the east,
with a marked change around late Mid Triassic time to dominantly subsidence (Smelror et
al. 2009). Early-Mid Triassic fault activity also coincides with a phase of minor uplift,
associated with footwall uplift accommodated by the Bjegrngyrenna and Ringvassgy-Loppa
Fault Complexes and more specifically by the major detachment observed east of the
Polhem Platform clearly imaged on the NBR07-232948 section (Fig. 11.7). This detachment
formed between the Bjgrngyrenna and Ringvassgy-Loppa Fault Complexes and appears to
be a major crustal feature, which is also suggested by the modelling (see next chapter).

Accommodation space east of the paleo-LH was filled in during Anisian-Early Ladinian
time, and westward progradation of sediments continued on top of the high and westwards
up to the Late Triassic. According to recent interpretations of Bjgrkesett et al. (2010), minor
systems could also have prograded from the west and a change could have occured from
Early Carnian time, when the paleo-LH became the main depocenter. This is not clearly
observed in our sections at the present stage.

Between the Polhem Subplatform and LH, we observed a major contrast between the
continuous reflections of the sedimentary layers of the Polhem Subplatform and the
irregular low reflective seismic facies interpreted as crystalline basement. This contrast can
be followed obliquely beneath the Polhem Subplatform towards the bottom of the BB.
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Bjgrngya Basin

One of the difficulties encountered in the present study was the poor seismic imaging of the
deep part of the Bjgrngya Basin. Local chaotic facies, salt and several multiples have not
allowed us to constrain properly either the geometry of the basin or the precise ages of the
deeper horizons, which are still speculative in our interpretation. Tentatively, we have
proposed a rough indication of the base Cretaceous unconformity along the NBR07-232948
transect but with large uncertainties. Triassic, Permian and Carboniferous sedimentary
sequences most likely exist underneath the Cretaceous strata, but cannot be identified with
certainty. In the BB, the section NBRO07-232948 illustrates a central salt diapir
(Carboniferous?) which affects and drags the sedimentary strata at least from the Triassic(?)
to Tertiary age. Active salt tectonics occurred during this period and associated faults are
locally observed on seismics.

Mid-Late Cretaceous time marks the tectonic and/or thermal sagging of the BB. Even
though minor faulting has affected the basin (mostly on the flanks), the tectonic processes
leading to such a deep Cretaceous Basin are relatively unclear. Was it controlled only by
post-rift thermal subsidence? A key solution to this problem can be found in the
Fingerdjupet Subbasin farther north, not properly investigated at this stage, but definitively
a potential key area. The Fingerdjupet Subbasin formed in the Early Cretaceous as a shallow
part of the growing BB and was affected by a major extensional episode during Late
Jurassic Mid Cretaceous times and possibly into the Late Cretaceous. Before Mid Triassic
time, the basin was closely associated with the paleo-SH and paleo-LH to the west. It
contains mainly a thick Late Permian section (Gabrielsen et al. 1990). The Leirdjupet Fault
Complex clearly marks the limit of the subbasin and seems to be associated with a clear
NW-SE magnetic anomaly also observed north of the LH and interpreted as a major, deep-
seated, Caledonian shear zone (named here the North LH Shear Zone, NLHSZ), reactivated
during the Palaeozoic and Mesozoic. The thick Cretaceous sequences found in the BB thin
slightly towards the SH and disappear by erosion due to the significant Tertiary which is
uplift particularly pronounced towards the SH. Compressional features have also been
revealed by the NBR07-232948 seismic line and probably represent an inversion of deeper,
southeast-dipping, low-angle Cretaceous faults. This phase of compressional tectonics was
probably underestimated in previous studies, but significant compressional features
observed on both sides of the sag confirms the importance of a compressive phase initiated
in latest Cretaceous time. To some extent the LH represents an incipient piggy-back basin,
that developed between the LH and the SH in its latest stage of evolution.

Stappen High

Northwest of the BB, the SH is also a pronounced structural high in the Western Barents
Sea (Figs. 11.1, 11.7). The SH is limited to the west by the Knglegga Fault Complex and to
the east by the Serkapp Basin. The SH trend probably extends towards the Sgrkapp Basin
and up to Svalbard. The southern part of the SH is strongly affected by NNE-SSW trending
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faults which also extend towards a similar gravity lineament observed in the central part of
the BB.

At the level of the SH, a first look at the seismic section 7355-94, modelled later, suggested
that a major detachment dipping to the northwest could be observed along the northern flank
of the SH, most likely controlling the southern Sgrkapp Basin. This contrasts significantly
with the opposite SW- to W-dipping detachment fault complex that probably controls the
BB (e.g. the Bjarngya Fault Complex). It seems that between the SH and the LH, a complex
accommodation zone developed between the major detachments. This accommodation has
probably controlled the development of the BB towards the north and its complex transition
with the Fingerdjupet Subbasin at the level of the North LH Shear Zone.

Like the LH, the SH has undergone a complex but poorly understood tectonic history
consisting of phases of faulting, tilting, uplift and subsidence that resulted in several
condensed successions of Palaeozoic and Triassic sedimentary rocks (Worsley et al. 2001).
Even with the present-day seismics, the imaging is not good enough to fully constrain the
structure of the SH.

To the northwest of the BB, the island Bjgrngya constitutes the emerged part of the SH and
represents a Late Upper Palaeozoic to Triassic window into the Barents Shelf (Mark et al.
1990, Braathen et al. 1999, Worsley et al. 2001, Worsley 2008) which provides direct
geological information about the SH.

The pre-Devonian ‘economic basement” on Bjgrngya comprises a Precambrian to Lower
Palaeozoic metasedimentary succession generally referred to as equivalent to the ‘Hecla
Hoeck’ on Svalbard (Worsley et al. 2001). Recent contributions agree that Bjgrngya and the
SH has been affected by Caledonian deformation (Braathen 1999; Ritzmann and Faleide
2007). However, uncertainties remain about the origin and position of the SH basement
before the Caledonian Orogeny. Some assume that Bjgrngya and possibly the SH were part
of Laurentia before the closure of the lapetus Ocean. Smith (2000) suggested that Bjgrngya
was an integral part of the Franklinian Basin (eastern North Greenland) during Early
Palaeozoic deposition and was attached to eastern North Greenland until the time of Early
Tertiary rifting. A corollary of this interpretation of the Phanerozoic location of Bjgrngya is
that any Caledonian strike-slip, orogen-parallel displacements and suture(s) must have been
located outboard of the combined Bjgrngya-Greenland terranes. Recently, Ritzmann and
Faleide (2007) proposed a Baltica-Laurentia suture at the level of the Bjerngya Fault
Complex between the LH and the SH. However, their models also consider the Lofoten
Islands as part of Laurentia, a hypothesis which contradicts significant magnetic and
geological evidence that the Lofoten Islands are obviously part of Baltica (Olesen et al.
1997, Barrere et al. 2009).
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The Upper Devonian sedimentary rocks reported on Bjgrngya are conglomerates and shales
which are part of the Billefjorden Group overlying the metamorphic basement (Larssen et
al. 2005). Southeast of the SH, rifting in the BB is thought to have initiated in the Late
Palaeozoic. More precisely, a Late Devonian to Early Carboniferous tectonic event,
involving coupled strike-slip movements and normal faulting, probably initiated the
formation of the BB half-graben between the LH and the SH (Gudlaugsson et al. 1998).
Carboniferous and Permian fault movements have also been reported from Bjgrngya
(Braathen et al. 1999).

During the Early Cretaceous, the SH developed into a shallow marine environment
(Worsley 2008) and could have emerged in Valanginian-Baremian time (Smelror et al.
2009). Concomitantly, a major subsidence led to an extreme deepening of the BB
controlling the deposition of a thick Cretaceous succession southeast of the SH (Faleide et
al. 1993, Worsley et al. 2001). The Late Cretaceous to Palaeocene rift phase between
Norway and Greenland was progressively dominated by strike-slip movements and
deformation within the De Geer Zone leading to the formation of pull-apart basins between
SH and the Northeast Greenland margin (Faleide et al. 1993).

The continental strike-slip system, active from the Palaeocene to the Eocene, was followed
by a passive sheared margin development, leading to the onset of breakup in Early
Oligocene time. The breakup development of a sheared margin located south and west of
the SH is younger, locally magmatic (e.g. the Vestbakken volcanic province) and not yet
totally understood.

Lower Tertiary deposits are virtually absent on the SH but marine slope to basinal
successions are preserved along its western margin. Most of the study area has been eroded
during the Late Tertiary uplift, which partly explains the present observation of the Upper
Triassic section sub-cropping the Quaternary (Lgseth et al. 1992, Richardsen et al. 1993,
Sigmond 2002).

Correlation with the magnetic and gravity data

During this work, potential field techniques have been used as complementary tools for the
interpretation of the seismic lines. Relevant filtering has been carried out in order to enhance
the main structural changes and magmatic features observed along the section. A detailed
documentation of the conventional techniques used in the report is beyond the scope of this
project and we simply refer to the previous chapters for a more comprehensive and detailed
description of the different filtering techniques.

The various magnetic and gravity attribute maps, interpreted in the previous chapter,
describe the features and patterns of the basement blocks relative to their surroundings (e.g.
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Figs. 10.8, 9.9 and 9.10). We used a conservative term ‘structural contrasts’ for the extended
linear features observed in the maps, although many of these features could still be
associated with significant basement blocks. The structural pattern of the basement as
revealed from combined gravity and magnetic interpretations, is characterised by a
hierarchy of structural elements involving 1) large structural zones, 2) tectonic domains and
3) sub-domains and internal magnetic lineaments. For each domain, there also appear
additional extended features that overprint some of these structures and are potentially
related to deposition of basin sediments and salt tectonics.

The section NBRO07-232948 is particularly characterised by prominent gravity and magnetic
highs at the level of the LH, which can be easily correlated with the different seismic units
and structures when appropriate filtering is selected. Like in the other section, TDR and
other relevant high-pass filtering have been plotted along the seismic section (Fig. 11.7).

A noticeable gravity high (0-40 mGal) is observed from the Asterias Fault Complex to the
BB and a prominent magnetic total field amplitude (up to 330 nT) from the Polhem
Subplatform to the Asterias Fault Complex. The maximum magnetic amplitude observed on
the LH is located slightly to the west where it probably coincides with a basement spur at
the intersection between the Asterias Fault Complex and the Ringvassgy-Loppa Fault
Complex in the southwestern part of the LH. On the TDR map, we clearly see that the
regional anomalies at this level coincide with the intersection of two main magnetic trends:
1) NW-SE, possibly associated with the trend of the Asterias Fault Complex, and possibly
itself controlled by a deeper shear zone sub-parallel to the Trollfjorden-Komagelva Fault
Zone, and 2) NE-SW to NNE-SSW trends which are dominant over most of the LH and
observed up the NW-SE-trending North LH Shear Zone. Surprisingly, the western part of
the Polhem Subplatform is still characterised by a pronounced free-air anomaly (15-30
mGal) up to the salt diapir observed at x-axis km 84-85 (Fig. 5.1). We also point out that
numerous, NE-SW, magnetic TDR trends characterise the LH. On seismics they represent
the transition between pre-Permian perched sub-basins expected on the LH. Some could be
associated with a Carboniferous rift (Larssen et al. 2005) but we also believe that they could
reflect locally blind Caledonian thrusts, possibly reactivated during Late Palaeozoic time.

Farther west, the transect is marked by a gradual decline in the free air up to -30 mGal
along the southern flank of the SH (Fig. 11.7). On the contrary, the magnetic amplitude
decreases slowly from the nearby Asterias Fault Complex towards the central salt dome (-
297 nT) and then increases towards the SH (65 nT). Both gravity and magnetic signals
decrease at the level of the Hammerfest Basin (-154 nT and -27 mGal). Using filters, sub-
gravity and magnetic units can be identified and local changes in the signal usually fit well
with the main structural domains observed along the seismic transect (Fig. 11.7).

In the western part of the BB, an amplitude change of the magnetic signal is observed
around km 80-90. It almost fits with the edge of the deeply buried terrace observed on
seismics. It also coincides with the deep transitional structural domain between the flank of
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the SH and the deepest Cretaceous depocentre (as observed today). This intermediate
structure (called the ‘Stappen High terrace’ in the present report) (Figs. 11.1, 11.7) lies on
the southern flank of the SH and is not clearly observed on the free air anomaly map (Fig.
11.2), but is suggested by the total magnetic field (Figs. 11.3, 11.7) to belong to the main
,SH, positive magnetic high domain to the north (Fig. 11.3).

Modelling results and deep structures

Along the transect, the unit that includes the LH and the Polhem Subplatform represents a
distinct crustal unit with a deep Moho (> 30 km) compared to the surrounding terranes
where modelling proposes a new Moho estimation at a shallower level both in the
Hammerfest Basin (~25 km) and beneath the BB (~20-25 km) (Figs. 11.7). Uncertainties
still exist in this model but assuming reasonable densities for the crust and the sediments,
higher densities (up to 3.1-3.3) are required underneath the main Cretaceous and Palaeozoic
basins to fit the observed gravity signature. In both areas, our initial modelling could not
totally fit with the previous Moho depth proposed by the Barents50 compilation (Ritzmann
et al. 2007) and a much shallower Moho in the BB and deeper Moho in the LH appears
more reasonable with local differences of £5 km. After different tests, our Moho estimation
is expected to have uncertainties of only £2 km. In both cases a thinner crust is to be
expected on either side of the LH. Compared to the LH where the crystalline crust is almost
30 km thick, the normal crust beneath the BB is less than 10 km thick suggesting a drastic
thinning of the lithosphere.

The top basement has been modelled assuming a relative contrast between the deep
Palaeozoic or Mesozoic sediments and the crystalline rocks (Fig. 11.7). Our basement
definition is expected to be equal or deeper compared to the petroleum "economic
basement” that usually also includes the pre-Devonian formations. Our result has been
compared with the previous NGU 3D compilation of the top basement (Skilbrei 1993).

Using Euler and Werner deconvolution techniques (Ku and Sharp 1983), we first ran the
multi-windows routine along the transect to estimate roughly the main magnetic contrasts
located at depths up to 15 km (Fig. 11.7, tables 11.1, 11.2). Without any seismic input, this
result already highlighted the main crustal highs and basins with two positive anomalies at
the SH and LH where ‘the susceptibility contrast’ is higher.

The basement block identified on the LH has been modelled in the present study as a
trapezoidal-shaped body (Fig. 11.7). The shallow basement modelled by gravity (top of the
2750 kg/m3 unit) and magnetics was set at ~2 km depth on the main high, where the
shallower Werner solutions concentrate. It coincides with the main, prominent, NNE-SSW
trend which we observe at the edge of the gravity filter and TDR. On top of this main high,
the TDR filter suggests a local perturbation of the main NNE-SSW trend by local NW-SE
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and NW-SE trends which are interpreted as basement faults (these do not represent levelling
errors). We also propose a mid-lower crust with a density of 2950 kg/m® required to fit the
main gravity high. On seismics, the mid-lower crust coincides with strong amplitude
relfections observed along the NBRO07-232948 line and could be associated with deep-
seated Precambrian terranes affected by the Caledonian deformation (Barrére 2009).

The forward modelling of basement has been compared with the results of the Werner and
Euler deconvolution and a good correlation has been obtained, notably on top of the LH
where refined solutions suggest a top basement between 1.9 and 2.8 km in the vicinity of the
main spur. These solutions are located close to the main sediment/basement contact
expected on seismics at the level of the Asterias Fault Complex, but are relatively shallower.
Both Euler and Werner clusters are also observed between 7 and 10 km at the edge of the
SH and coincide with the basement expected from the forward modelling (Fig. 11.7).
Shallower sources between 1.5 and 3 km have also been observed but were too shallow to
fit properly with our top basement from GM-SYS modelling. They also coincide with
seismic facies that still suggest the presence of sedimentary strata. Other cluster solutions
have been observed but definitively at shallower and sedimentary levels: they fit locally
with the position and structures observed at the ‘near Base Cretaceous’ level. The Werner
solutions are also sensitive to the magnetic contrast between the salt (diagenetic) and
sediments as suggested by a cluster located at ~2 km close to the central salt dome (Fig.
11.7).

The LH forms a triangular shape on the 2D section, cutting the basement spur that is defined
on the southwestern edge of the LH. Two detachments and/or shear zones (D1, D2) have
been identified on both sides. West of the LH, the D1 controlled the development of the
Polhem Subplatform collapsing towards the BB. It fits a density contrast between the
crystalline crust (2750 kg/m®) and the deep Palaeozoic basin expected beneath the level of
the Permian (2650 kg/m®). The D2 shear zone controlled the development of an
intermediate terrace between the LH and the Asterias Fault Complex and shows evidence of
reactivation and local inversion. A third detachment (D3) is also suspected to exist near 200
km and coincides with a cluster of Werner solutions. To explain the main magnetic high
observed at this level, we also considered a higher susceptibility contrast between D2 and
D3 (0.07 and 0.08 SI compared to 0.02-0.03 SlI), which was also suggested by the
deconvolution of the magnetic signal. Euler and Werner solutions suggest a mid to lower
crustal origin for the sources, but forward modelling also proposes an upper crustal
magnetic unit at crustal level. Both D1 and D2 are associated with the formation of deep
Palaeozoic basins expected between the Permian formations and the top basement. A small
Palaeozoic graben is suspected to exist between D2 and D3. The D3 shear zone and the
Asterias Fault Complex can eventually be associated with a ‘pop-up’ structure possibly
related to Late Palaeozoic (Permian transpression?) movements proposed at the level of well
7121/1-1. Similar, observed NE-SW, magnetic TDR trends (Fig. 11.4) could therefore
represent similar tranpressive or compressive features on the LH. This observation partly
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fits the recent interpretation of Novoa & Svana (2009), proposed for the internal geometry
of growth sediments deposited on the flanks of the LH, who suggested that the structure
may have resulted from a phase of compression during Permian and Early-Mid Triassic
time, rather than pure extension. However, we point out that the nature of Carboniferous-
Permian tectonics on top of the LH is still unclear. The deep normal faults (rift related) that
have commonly been suggested for the LH (Larssen et al. 2005) could just as well represent
blind thrusts. Nevertheless, we believe that these features are due to local tectonics and do
not necessarily reflect a major regional compressive stress regime as proposed by Novoa &
Svana (2009), but are probably the consequence of local readjustments on top of the Loppa
High. This needs to be investigated in greater detail in the future.

The modelled top basement is lying at a maximum depth of ~8 km in the southeastern
terrace. The top basement also deepens to 9-11 km underneath the Polhem Subplatform and
is expected at a maximum depth of 15 km in the central part of the BB, assuming that the
deeper sediments have been poorly compacted (salt layers?). In the southeastern terrace, the
shape of the TDR filter fits well with the basement highs and lows and a sudden jump
coincides with a possible basement fault at depth. The NE-SW-trending low TDR anomalies
coincide with the southwestern end of a narrow NE-SW elongated Palaeozoic graben (sub-
Permian) observed east of the main basement high which itself represents the top of the
hanging-wall controlled by the D1 detachment (Figs. 11.4, 11.7).

We note that the main detachment D1 affects the basement and does not necessarily
coincide with the trend of the Bjgrngyrenna Fault Complex as strictly defined by Gabrielsen
(1990). The Bjgrngyrenna Fault Complex is mostly defined at the Mesozoic level and, for
us, does not represent the main crustal feature. Even though more structural investigation is
required, we tentatively propose that the Bjgrngyrenna Fault Complex could be the result of
a flexural rotation/rolling-hinge mechanism (Axen and Bartley 1997) associated with the
uplift of the LH and subsequent progressive westward migration of the faulting. In that case,
the D1 shear zone could represent a primary breakaway and the Bjgrngyrenna Fault
Complex a second breakaway associated with a rolling-hinge.

In its shallow part, the detachment separates the sedimentary reflectors of the Polhem Sub-
platform and the irregular and poorly reflective crustal facies in the crystalline basement. At
12 km depth, the detachment D1 crosscuts the basement rocks of the Polhem Subplatform,
separating two crustal blocks at depth. As a consequence, the detachment dip could change
from an angle of 30° to 10°. In other words, we interpret D1 as a major listric ‘ramp and
flat” detachment fault developing west of the LH. The apparent throw along the detachment
is estimated between 15 and 20 km. A major antithetic fault zone is also proposed around
100 km (Fig. 11.7) but the precise significance of this feature is not yet understood and
needs to be correlated with adjacent long offset lines at some stage.
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Beneath the BB, pre-Cretaceous structures and the nature of the crust still remain relatively
unclear on seismics due to the great depths and poor imaging. A layered seismic pattern,
however, is observed underneath the near ‘base Cretaceous unconformity’ at depth greater
that 10 km. The deepest part of the basin coincides with ‘en echelon” anomalies observed on
the TDR map of the free-air gravity (Fig. 11.2, 11.5), which suggests a segmentation of the
BB in sub-synclines and intermediate transfer ridges. According to the depth of the pre-
Cretaceous sedimentary rocks, they have most likely been affected by metamorphism (low
greenschist-facies). In previous studies (Barrere et al. 2009), we have already suggested the
presence of high-density material in the deeper part of the Polhem Subplatform, but the
vintage seismic data could not pinpoint the exact location and shape of this high-density
unit. Alternative models involving an extremely high upper-crustal density and/or a very
high lower crustal density and/or a very shallow Moho are still possible. In our model, the
Moho was modelled relatively shallow depth (20-25 km) below the deeper part of the BB.

Along the profile, between kilometres 70 and 120 km, the crust is extremely thin and was
modelled using relatively high density values (3100 kg/m®). Compared to Barrére’s model,
we consider the presence of a relatively dense lower crust underneath the Polhem
Subplatform similar to the lower crust observed farther south. Our lower crustal body, with
higher density, is located a little more to the northwest compared to the previous
interpretation. A relatively low susceptibility of 0.01 Sl is proposed for this lower crustal
body which does not significantly affect the magnetic signal. The interpretation of this body
is unclear but since large-scale volcanism is not really recognised in the Bjgrngya area, we
disregard a magmatic underplating interpretation and rather favour a high-density, pre-
existing lower crust in the granulite/eclogite facies and/or alternatively a possible
serpentinisation of the uppermost mantle if we consider the drastic thinning of the basin.

On either side of the BB, sediments and metasedimentary rocks (density < 2700 kg/m®) are
also proposed. A maximum thickness of 6 km is proposed in the central part of the basin
with £2 km of uncertainties if we consider a reasonable density variation in the deepest part
of the basin.

To the northwest, the transect constrains only the flank of the SH (Fig. 11.7). Strictly
speaking, we are close to the SH but still in the BB. In this area, the basement is expected to
shallow progressively to a depth of less than 10 km. Between x-axis km 0-50 a continental
sub-platform is interpreted with a top basement located at a depth of 11-12 km. At this level,
the Moho is deepening towards the north-northwest and is close to 27 km at 0 km. Both
Mesozoic and Palaeozoic sediments are expected underneath the Cretaceous monocline, but
clear structures and limits are impossible to resolve on the seismics. Considering a
conjugate system, the southeastern flank of the SH could be the equivalent of the Polhem
Subplatform and may contain Permian to Jurassic formations. Close to x-axis km 50 km
(Fig. 11.7), on the section, modelling, gravity and signal change suggest a contact, possibly
a southeast-dipping border fault or detachment (D4) which is also modestly indicated on the
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seismics. This contact fits with the eastern edge of a prominent NE-SE tilt derivative
magnetic anomaly, which can be correlated with a gravity change. It can be associated with
shallower reactivation and inversion observed in the Cretaceous and Mesozoic sections that
were eroded on the western side of the transect. Close to 10-20 km, a major basement shift
is also observed and shows a clear concentration of Werner solutions. It is interpreted as a
major crustal fault (D5) with a top basement on the hanging-wall located at 5-7 km (Fig.
11.7).

Depth of investigation 0-25 km
Windows lengths 10-30 km
Windows expansion increment 500 m
Windows expansion shift 500 m
Residual cut-off 95%
X cut off 5%

Table 11.1 Parameters used for the Werner deconvolution along profile NBR07-232958.

Depth of investigation 0-30 km
Windows length (fix) 20 km
Maximum % error 5%
Structural index 0.5

Table 11.2 Parameters used for the Euler deconvolution along profile NBRO7-232958.
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11.2.2 Transect 2: Section 7355-94

General structure and seismic observations

The section 7355-94 (Fig. 11.1) represents one of the old regional lines available to all
BASAR-09 partners. The profile extends almost E-W from the Bjarmeland Platform up to
the SH area, 50 km south of Bjgrngya. The line is of relatively good quality but calibration
is lacking in most of the area (Fig. 11.8). Near-base Cretaceous, near-top Permian and intra-
Triassic markers can be recognised. One particular aspect is the thickness of the Cretaceous
basin which changes drastically from several kilometres at the level of the BB to less than 1
km along our section, located north of the so-called ‘North Loppa High Shear Zone’, a
feature highlighted both by the gravity and the magnetic filters (Figs. 11.4, 11.5) and
introduced in the previous NGU reports. This already suggests a major crustal and
rheological change between the Bjarmeland Platform and the BB area.

Along the transect, the Triassic sequences are well developed in the Bjarmeland Platform
and clearly thin towards the SH, where the Triassic and younger sediments are locally
eroded. Beneath the Permian, we were able to identify some markers on the original SEGY
file. In our interpretation, they could suggest the presence of deeper Palaeozoic basins
mostly developed in the western part of the section (Devonian-Carboniferous). A major
fault complex seems to have controlled the development of the Palaeozoic basin interpreted
here, with a major detachment expected on the western flank of the SH. This early
detachment has been reactivated during the Mesozoic and controlled the minor faults which
affect the Triassic-Cretaceous basins, though with a higher angle. At the level of the SH,
seismic data suggest the presence of pre-Triassic terraces and narrow grabens, also tested by
modelling.

Correlation with the magnetic and gravity data

The gravity signal along the transect varies from -18 mGal to the east in the Bjarmeland
Platform to 31 mGal in the central part of the SH (Fig. 11.8). Taken as a whole, the gravity
increases from east to west and already points out two main crustal domains on both sides of
a crustal contact expected approximately at x-axis km 88 in the central part of the transect
where the main NE-dipping Palaeozoic detachment is expected to occur. This detachment
possibly represents an old, reactivated, Caledonian thrust and is expected to extend to the
south close to the North Loppa High Shear Zone and the Leirdjupet Fault which show an
opposite polarity. We believe that the Leirdjupet Fault is a major Mesozoic fault, formed
during the BB development and rooted at depth on top of the pre-existing low-angle
detachment. Using filtering techniques such as the TDR combined with TDX, sub-structural
elements can be identified and correlated with the seismic observations (Fig. 11.8).
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The total magnetic field along the profiles varies between 60 nT and 272 nT on the SH. The
main magnetic low (x-axis km 120) coincides with the local gravity high at the same level
as a hanging-wall ramp anticline suggested by our seismic interpretation at BCU level. At
depth, this magnetic low domain could coincide with the location of the main Paelozoic
basin in the hangingwall proposed underneath the Trias.

The main magnetic anomaly is located in the SH area (x-axis km 0-40) and seems to be
bounded to the east by a major fault highlighted by the TDR and other filters at x-axis km
37. To the east, a high magnetic anomaly is also observed between x-axis km 140-177. It
does not fit with any changes in the Mezosoic basin (an almost uniform Triassic sequence)
and most likely reflects a basement feature not clearly observed on seismics.

Modelling results and deep structures

Using joint gravity and magnetic forward modelling, we obtained a relatively good
approximation of the magnetic basement (Fig. 11.8). The shallowest basement is modelled
in the SH area. Werner solutions already suggested that the magnetic sources are mostly
localised in the upper crust. Clusters at ~2.5 km depth (Fig.11.8; tables 11.3, 11.4) focusing
between x-axis km 37 and x-axis km 55 that indicate the shallowest basement is to be
expected at that level. Between x-axis km 0 and x-axis km 50, where the prominent
magnetic anomaly is observed, the magnetic basement refined by forward modelling is
estimated around 3-5 km depth. This anomaly has been modelled using susceptibilities of
0.025-0.03 Sl in the uppermost crystalline basement. This contrasts with the slightly lower
values (0.01-0. 015 SI) recorded in the central part of the transect, to the east of the main
fault that is proposed at x-axis km 37.

The top basement is deepening to the east, and defines an intermediate terrace at around 4.5
to 7 km depth between x-axis km 50 and x-axis km 90. East of x-axis km 90 where the
major NE- dipping detachment is likely to occur the basement surface is deepening up to 10
km. Werner solutions have been obtained at the edge of the crustal hanging-wall suggested
by our model. The deepest Palaeozoic basin controlled by the detachment is assumed to
exist there. Conceptually, it may represent a deep Devonian(?)-Carboniferous depocentre
associated with the collapse and reactivation of old, NE-dipping, Caledonian nappes (see
later discussion). In that context, the SH may represent a major crustal footwall active
during the Palaeozoic. The shallow basement modelled to the east can then represent the
tilted part of the crustal hanging-wall.

Assuming this model, the magnetic low is explained by the presence of a thick Palaeozoic-
Mesozoic section overlying a thin crust. As suggested in the previous reports, the presence
of unmobilised salt could eventually decrease the average density and therefore increase the
Palaeozoic thickness by a few km at this level. This is a possible alternative because the
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Svalis Dome is not so far away (Fig.11.1), but there is no obvious evidence for salt on the
seismic provided. We also consider a different density for the lower crust on either side of
the crustal detachment expected at x-axis km 90. The upper crust density is set to
2750 kg/m® for the upper crustal bodies.

The Moho depth deduced from our 2D modelling is relatively consistent with the previous
Barents 50 Moho estimation of Ritzmann et al. (2007). It varies between 35 km underneath
the SH to 29 km depth beneath the thickest Palaeozoic basin expected in the central part of
the 7355-94 section. This estimation considers a density of 2650 kg/m® for the pre-Permian
bodies.

Depth of investigation 0-25 km
Windows length 10-90 km
Windows expansion increment 500 m
Windows expansion shift 500 m
Residual cut-off 75%
X cut off 5%

Table 11.3 Parameters used for the Werner deconvolution along profile 7355-94.

Depth of investigation 0-20 km
Windows length (fix) 50 km
Maximum % error 5%
Structural index 0.5

Table 11.4 Parameters used for the Euler deconvolution along profile 7355-94.

130



NGU Report 2010.056

BASAR-09 Report

Gravity observed

- ==~ Gravity calculated
Magnetics observed
- - - - Magnetics calculated

- - - - High-pass free air
- - - - TDR magnetics
- - - - High-pass magnetics

—@— Moho Barents 50

O Top basement Skilbrei (1993)

<@ Werner solutions (and dip)
O  Euler solutions (and dip)

Cenozoic

I | Cretaceous

I Permian
|| Mesozoic undiff.

B sait
" upper Crust [l Mantle

I Lower Crustal Body

B Triassic [ Palaeozoic undiff. [ Lower Crust

8 — — 2
| o ,‘\ N "‘\ Pasiaty Rt :‘ ,‘—7 ’UT
5)\ 4 7 I"l N ~\\ I’N‘r,, l)(\"\§\ l"\ "' ‘\ /"\ ! ~--\\ ,” _:‘T~~\ /I/ \‘\\\ ."——-- — 1 %
- Y A ~s\‘ v PRI . \’/“\'_N Ve e =T TN = » N - ,, S
a n ’—}7 N " // / A ! —’, S e ~o 200, AN \\ - l”\ . N s ©
(%] -7 S "o _ . / s\ 1 e ~ N =T, > s N -t A 7’ =
© 07 "" 4 St ) - ! Y 1 - -~ - z, N7 \l"\ S~ - \-"—' S s 70 :
DI. e ’/ ‘$ AN [ ! ‘\\\ S /::-‘— ~~~-\ :I»F“ a:, RS ‘\ // P \\~‘~ /" . L
'-5 *PJ""'," \\\ \,l-\l 'l “‘ ',' \'\‘\-'-Z'~"’ \\", S a-=" ‘~~\~_:::~’.” ~~-~_—_’o»~“-" — =
T4 .7 VN NS N — 1 3
r \ \‘ U N U =
| \\ / N4 4 L
-8 — — -2
40 — — 300
%0 250
< —~
20 =
LED 200 &£
> 150
g o =
O]
10 100
shallow intrusion along
-20 — major detachment ? / \ — 50
0 Stappen High 7 deep Palaeozoic basin Bjarmeland Platform E
.—.—Q—Q—.—.—.—.—._
-10000
E
= -20000
[oX
()
a)
-30000
IGRF: 53960, I: 80.2, D:8.3
-40000 4‘ ‘ ‘ ‘ ‘ —
0 40000 80000 120000 160000
Distance (m)
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11.3 Transect 3: Section BVV12-86

General structure and seismic observations

The section BV12-86 is part of the 1986 NPD Bjgrngya West Survey and also represents
one of the few regional lines available to all BASAR-09 partners (Fig. 11.1). The line is of
relatively good quality but does not allow a good interpretation of the deep structures due to
poor imaging near the SH and the presence of volcanic rocks in the Vestbakken volcanic
province (Fig. 11.9). Direct calibration is also lacking in most of the area. The line is NW-
SE oriented and covers the southern part of the SH and a large part of the Vestbakken
volcanic province, officially defined west of the Knglegga Fault Zone (Gabrielsen et al.
1990). The Vestbhakken volcanic province is located at a rifted margin segment southwest of
Bjorngya, linking the Senja and Hornsund sheared margin segments to the south and north,
respectively.

The quality of this line is particularly poor at the level of the SH where limited stratigraphic
control and the presence of numerous multiples constitute major limitations for a detailed
analysis of the specific stratigraphic section and its deep structures. Nevertheless, the BV12-
86 section images well the Cenozoic sequences that developed to the west during the
formation of the Eocene sheared margin and after the onset of spreading in the northern part
of the Norwegian-Greenland Sea sometime in the Latest Eocene-Early Oligocene (Faleide et
al. 1988, Engen et al. 2008).

We refer to Jebsen (1998) for the most recent interpretation and a more detailed description
of these successions, which is beyond the scope of this report. To summarize, the Cenozoic
sedimentary wedge to the west can be roughly divided into a lower faulted part and an upper
undeformed (or poorly faulted) section. The lower faulted part is probably the consequence
of a releasing bend that gave rise to a narrow basin/shear margin formation. The observed
structures are mainly extensional, but transpressional structures are to be seen locally. The
lowermost unit of the Cenozoic section is characterised by faulted structures locally affected
by lava flows and sill intrusions that have given rise to the strong and discontinuous
reflections mostly observed west of the Knglegga Fault Zone. This magmatic feature
represents part of the volcanic province interpreted mostly as Early Eocene by Faleide et al.
(1988). Prominent volcanoes as well as sill intrusions are also observed at the outer margin
(Faleide et al. 1988). Repeated tectonic activity in a pull-apart setting within the Vestbakken
volcanic province denotes that the Cenozoic evolution of the NE Norwegian-Greenland Sea
was complex, and as many as eight tectonic and three volcanic events have been identified
(Jebsen 1998). Along the BV12-86 section, truncation of the underlying strata is observed
on top of the faulted blocks. West of the Knglegga Fault Zone, the deepest sedimentary
section is clearly syn-rift and was tilted to the west and downfaulted up to 1 to 1.5 s TWT.
The deeper unit, overlying the intrusions (and/or lava flows) consists of low- to
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intermediate- amplitude reflectors that gradually change to higher amplitude and more
continuous reflectors towards the east. This section most likely corresponds to the Eocene
unit ‘R’ introduced by Richardsen et al. (1991). The existence of deeper sedimentary units
cannot easily be confirmed on the seismic line Bv12-86 alone and has been tested by
modelling.

To the east, the Knglegga Fault Zone is characterised by a clear and major west-dipping
border fault on the western flank of the SH. The transition to the main Vestbakken volcanic
province, however, is not so abrupt and rather defines a ~15 km deep intermediate terrace
where synformal features can be recognised on seismics (Fig. 11.9). To the east, structures
on the SH cannot be clearly observed due to the presence of numerous multiples. Some
reflections can be observed locally but with large uncertainties due to multiples and poor
processing.

Correlation with the magnetic and gravity data

The main structural elements observed on seismics has a clear gravity signature. The free air
gravity amplitude varies from 10 mgal to 53 mGal at the level of the Vestbakken volcanic
province and is around 25 mGal at the level of the SH. The most pronounced anomaly is
observed between x-axis km 25 and 98, west of the Knglegga Fault Zone and consists of
two sub-anomalies highlighted by the high-pass filtering of the gravity field (Fig. 11.9). At
x-axis km 50, the gravity anomaly could reflect the presence of a deeper intermediate high
that separates Mesozoic(?) sub-basins but without an associated magnetic signal.

An apparent gravity low (14 mGal) coincides with the Knglegga Fault Zone (x-axis km 98),
a feature also suggested by the tilt derivative filter of the gravity which better highlights
specific trends and sub-units. The Knglegga Fault Zone represents a N-S anomaly which is
slightly different compared to the N45 trending anomaly observed on either side. On the
eastern part of the section, the main N45 tilt anomaly extends up to Bjgrngya where the
expected ‘Hecla Hoeck’ is exposed. On the western side, the section covers the northern end
of the N45 anomaly.

Along the transect, the total magnetic field varies between -130 nT in the area of the
Vestbakken volcanic province area to 230 nT in the easternmost part of the profile,
including the SH and the narrow graben associated with the Knglegga Fault Zone, which
rather form a fault complex. Basically, the highest magnetic amplitude represents the
shallower level observed in the surrounding area of the SH, and the lower amplitude almost
fits with the thickest sedimentary section observed on seismics to the west. The lowest
magnetic signature (x-axis km 55) corresponds to a graben affected by the Tertiary
magmatism and increases to the west up to 45 nT where a clear NE-SW anomaly can be
observed.

133



NGU Report 2010.056 BASAR-09 Report

The TDR filtering of the magnetic field also reveals the complexity of the system and some
of the trend fits with the structure already revealed by the gravity filtering at the level of the
SH and Vestbakken volcanic province.

Modelling results and deep structures

The BV12-96 profile represents almost a western prolongation of the 7355-94 profile,
previously described. Consequently, we adopted the same density and susceptibility values
and basement geometries for better correlation and homogeneity of the modelling, one of
the biggest challenges at the regional scale of the entire Barents Sea (see 3D modelling
chapter).

Assuming susceptibilities of 0.025 Sl for the upper basement in the SH area (Fig. 11.9), we
modelled the top of the crystalline magnetic basement from 2 km to a maximum of 6 km, to
the east of the Knglegga Fault Zone. Assuming a rough regional comparison with the
geology of Bjerngya, non-magnetic sediments and Palaeozoic formations (Devonian-
Carboniferous) are expected to lie on top of the magnetic crystalline basement but this
cannot be differentiated on seismic and the contact between the undifferentiated Palaeozoic
and the crystalline basement is mostly based on the magnetic modelling of the SH. Like the
previous profile 7355-94, we assumed susceptibilities of 0.025-0.03 Sl for the upper crust
on the SH. Our magnetic top-basement estimation fits with the joint gravity modelling and
the previous result along the 7355-94 profile. Local discrepancies exist when compared with
the previous estimation of Skilbrei (1993), but the average estimation of 4 km is almost
similar. In the western part of the transect, we obtained locally reliable Euler solutions near
the SH (Fig. 11.9, table 11.5, 11.6).

To the west, the magnetic basement deepens to ~ 6 km near the Knglegga Fault Zone and up
to 7 or possibly 10 km maximum in the Vestbakken volcanic province. We note that this
area is influenced by magmatism, which is likely to influence our estimates. West of the
Knglegga Fault Zone, we obtain clear and reliable clusters of Euler solutions which coincide
well with the sill complexes observed on seismics. This shows that the sill/lava complex
contributes to the total magnetic signal observed along the modelled profile. However, the
contribution of the sill complex versus deeper basement sources is not yet well understood.

Our proposed magnetic model fits with the density modelling result and the previous
estimation of Skilbrei et al. (1993). Eldholm et al. (1987) and Faleide et al. (1988) have
proposed that the Vestbakken volcanic province could be underlain by oceanic crust but the
new magnetic dataset does not suggest the typical striped oceanic pattern. The continent
ocean transition is located much more to the west outside our new survey area. We propose
that the Vestbakken volcanic province is lying above continental and/or transitional crust.
Between x-axis km 30 and x-axis km 80, we expected around 3-5 km of sediments (density
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of 2500 kg-m™) underneath the sill complex (or lava flows) observed on seismics. This
interpretation agrees with the early assumption of Richardsen et al. (1991) which suggested
the presence of a deeper basin beneath the volcanic rocks. This may also suggest that
Paleocene and/or older sediments may exist beneath the Tertiary lava flows. The low
density proposed for the pre-sill sediments (2500-2550 kg-m™) could mostly reflect
Mesozoic-Paleocene sediments (referred to for simplication as Mesozoic on the Fig. 11.9)
but cannot, a priori, support the presence of old Palaeozoic units with higher densities
(>2600 kg-m™). Between x-axis km 40 and 65, we interpreted and modelled an intra-basin
high to fit the local gravity high signature observed at that level. The density used to fit the
signal is slightly higher than in the surrounding basins (density of 2500 kg-m).

According to the model, we do not consider the Knglegga Fault Zone to represent a simple
upper crustal fault zone but rather to mark the beginning of a major crustal transition zone
(20 km broad) where the upper crust defined on the SH plateau (density of 2750 km-m™)
laterally disappears and is replaced by higher density material in the western part of the
section. High-density basement (> 2900 kg-m™) is also necessary just underneath the basin
to fit the gravity signature observed in the area of the Vestbakken volcanic province (LCB-1
on Fig. 11.9). Conventional susceptibility values deduced from the previous studies and the
onshore-offshore correlation cannot explain alone the magnetic signal at that level and
indicates that the lower crust in the western part of the BV-12-86 profile is different from
the crust modelled in the SH. Using an average susceptibility of 0.02 SI but also a
remanence of 1.5 A/m, the high-density basement could explain the observed low-magnetic
signature. The sudden drop of the magnetic field clearly fits the proposed crustal change in
the central part of the transect.

Accepting the tectonic evolution proposed for the BB, the Knglegga Fault Zone may
represent a prolongation of the Ringvassgy-Loppa Fault Complex, before drastic crustal
thinning of the crust between the SH and the LH (Gernigon et al. in prep). Even if further
studies are required to confirm this idea, the high-density terranes modelled west of the
Knglegga Fault Zone could possibly represent some form ofsimilarity with the crust
observed within the Vestlemgy High and the Senja Ridge.

In the westernmost part of the transect, high density basement is expected at minimum
depths of 5.5 to 7 km (Fig. 11.9). The top basement modelled locally fits with strong
amplitude, dome-shaped reflections observed on seismics. The domal shaped feature at x-
axis km 18 fits with the N-S-trending magnetic anomaly highlighted by the TDR filter (Fig.
11.4). At this level, we expect high-density material beneath the sag-basin (LCB2). Such a
high-density material could represent infiltrated mantle and/or intruded lower continental
crust. Real oceanic crust is expected 60-100 km to the west but the COB is still a subject of
uncertainties due to poor magnetic coverage in this area.
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Taking into consideration the basin geometry and the magnetic modelling, our Moho
estimation is a bit different compared to the recent compilation of Ritzmann et al. (2007)
and Grad et al. (2009). It fits underneath the SH and in the westernmost part of the transect
but at the level of the Vestbakken volcanic province we modelled a shallower Moho (8 to 10
km shallower compared to the previous authors). This was a prerequisite to fit the
prominent, observed gravity high.

Depth of investigation 0-25 km
Windows lengths 10-50 km
Windows expansion increment 500 m
Windows expansion shift 500 m
Residual cut-off 100%
X cut off 5%

Table 11.5 Parameters used for the Werner deconvolution along profile BV12-86.

Depth of investigation 0-20 km
Windows length (fix) 20 km
Maximum % error 5%
Structural index 0.5

Table 11.6 Parameters used for the Euler deconvolution along profile BV12-86.
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11.3.1 Transect 3: Section BVV3-86

General structure and seismic observations

The section BV3-86 represents the southern prolongation of profile 7355-94 and is almost
perpendicular to the BV12-86 profile (Fig. 11.1). The profile is NE-SW-oriented and
extends from the SH to a transition zone between the Sgrvestnaget Basin and the
Vestbakken volcanic province, previously described. This section shows a structure
relatively similar to the BV12-86 and also illustrates the transition between the shallow SH
and the transtensional basins that formed to the west of the Knglegga Fault Zone (Fig.
11.10). The seismic quality was relatively good but limited to the uppermost part of the
basin. Compared to the Fugro line, only limited observations are available for the mid- to
lower-crustal parts.

Correlation with the magnetic and gravity data

The gravity free-air anomalies vary between 17 mGal near the SH to 47 mGal in the outer
part of the Vestbakken volcanic province (Fig. 11.10). The highest gravity high represents
the prolongation of the major anomaly also described in the central part of the BV12-86
section but is located in a more distal position of the BV03-86 profile. This NW-SE
anomaly can easily be tracked on the filtered gravity map where we see that the anomaly is
slightly oblique to the regional magnetic domain. The anomaly is N-S oriented in the south
near the BV03-86 section, swings into a NW-SE-trend towards the BV12-86 and stops at
the level of the Knglegga Fault Zone, a major crustal boundary.

The main structural boundary observed on seismics at x-axis km 75 coincides with a clear
magnetic boundary with a low-magnetic domain to the southwest and a high-magnetic
region to the northeast. This boundary does not coincide with the southern prolongation of
the Knglegga Fault Zone, located around x-axis km 120. The new BASAR-09 data shows
the presence of high-frequency anomalies at this location. They are most likely a
consequence of the sill/lava complex observed on seismic.

Clear identification and modelling of the structures are difficult in the northern part of the
BV03-86 section, where most of the magnetic anomalies appear to be sub-parallel or

slightly oblique to the seismic section. There, we are mostly oblique to the main faults and
the upper crustal structures which are suggested by the magnetic anomalies.

Modelling results and deep structures
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Assuming susceptibilities of 0.025 Sl for the upper basement in the SH area, we modelled
the top of the crystalline magnetic basement between 2 km and a maximum of 6 km, north
of the Knglegga Fault Zone. This is obviously coherent with the result of the BV12-96
modelling. Non-magnetic sediments and Palaeozoic formations (Devonian-Carboniferous)
are also expected to lie on top of the magnetic crystalline basement but cannot be
differentiated on seismics and like BV03-86 the contact between the undifferentiated
Palaeozoic and the crystalline basement is mostly based on the magnetic modelling on the
SH. Our magnetic top-basement estimation fits with the joint gravity modelling and the
previous result along the adjacent 7355-94 and BV2-86 profiles. Local discrepancies exist
when compared with the previous estimation of Skilbrei (1993), but the average estimation
of 4 km is almost similar in the SH and the Vestbakken volcanic province. Difference of up
to 5 km of is observed at the level of the Knglegga Fault Zone but our transect at that level
is locally influenced by edge effects, which could explain the discrepancy in our 2D model.

In the northern part of the transect, higher susceptibilities (0.04 SI) have been required near
the Knglegga Fault Zone and a crustal contact and/or intrusion are expected there in order to
explain the prominent magnetic high observed at x-axis km 105. We also obtained reliable
Werner and Euler solutions (Table 11.7, 11.8) in the upper crust, suggesting that the
magnetic sources are located at around 5-10 km depth in the vicinity of specific highly
magnetic basement deduced indirectly by the forward modelling approach (Fig. 11.10). We
point out that this specific location represents a junction of different magnetic trends (N10
and N85) observed on the magnetic TDR. This may indicate the presence of a major crustal
contact, not distinguishable on seismics.

To the west, the magnetic basement deepens to ~ 6 km near the Knglegga Fault Zone and up
to 6-8 km in the Vestbakken volcanic province. West of the Knglegga Fault Zone, we obtain
a clear and reliable cluster of Euler solutions on top of the sill complex observed on
seismics. This shows that the sill/lava complex could explain part of the total magnetic
signal observed along the modelled profile. Compared to the BV12-86, the crust underlying
the Vestbakken volcanic province also has high density (2950 kg-m™) but shows a lower
susceptibility (0.015 SI) and no remanence. Our proposed magnetic model fits with the
density modelling result and the previous estimation of Skilbrei et al. (1993). We expected
around 3-5 km of sediments (density of 2500 kg/m™) underneath the sill complex (or lava
flows) observed on seismics.

Between x-axis km 5 and 40, we interpreted and modelled a high-density/high-magnetic
crustal body to fit the observed potential field signatures. The density used to fit the signal
was 2950 kg-m, the susceptibility 0.03 SI and the remanence 1 A/m. Such a high-density
material could represent infiltrated mantle and/or intruded lower continental crust as has
also been proposed in the outer part of the previous BVV12-86 section.
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Taking into consideration the basin geometry and the magnetic modelling, our Moho
estimation along BV03-86 is slightly different compared to the recent compilation of
Ritzmann et al. (2007) and Grad et al. (2009). It fits below the SH and in the northern part
of the transect but below the Vestbakken volcanic province we modelled a shallower Moho
(almost 10 km shallower compared to the previous authors). This was a requisite to fit the
prominent gravity high. However, we recognise an uncertainty of £3 km.

Depth of investigation 0-25 km
Windows length 10-50 km
Windows expansion increment 500 m
Windows expansion shift 500 m
Residual cut-off 100%
X cut off 5%

Table 11.7 Parameters used for the Werner deconvolution along profile BV3-86.

Depth of investigation 0-20 km
Windows length (fix) 30 km
Maximum % error 5%
Structural index 0.5

Table 11.8 Parameters used for the Euler deconvolution along profile BV12-86.
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11.4 Implication of the modelling, ongoing understanding and challenging models to
test

11.4.1 Crustal structure and implications for the stretching model

Several studies have recognised that, undeniably, the western Barents Sea basement
structures are inherited from the Caledonian orogen (Gabrielsen et al. 1990, Gudlaugsson et
al, 1998; Ritzmann et al. 2007). Gernigon et al. (2006) and Barrére et al. (2009) proposed a
recent reinterpretation of the ancient Caledonian suture and deformation zones affecting the
southwestern Barents Shelf. They also interpret the variety of rift orientations in the
southwestern Barents Sea (NNE-SSW, NNW-SSE) as evidence of a mechanical anisotropy
inherited from the ancient Barentsian Caledonian accreted terranes. Such an anisotropy and
compositional upper-crustal layering have most likely controlled the upper-crustal
deformation since the Scandian post-orogenic collapse (Fig. 11.11). The modelling
described in this chapter reveals information on the tectonic scenario that has progressively
been developed since the commencement of the new Barents Sea areomagnetic projects
(Gernigon et al. 2007, Bronner et al. 2009).

Compared to previous crustal models (e.g. Ritzman et al. 2007, Barrere et al. 2009), we
consider that a much shallower Moho exists between the SH and the LH. The BB displays a
lateral variation in the basin structure between two massive blocks (e.g. SH and LH) with
most likely thick and mafic lower crusts affected by upper brittle faulting but poorly
affected by major crustal thinning as compared to surroundings. Extension most likely
focused around the main blocks already during the Palaeozoic with the major deformation
clearly which was observed at the edge of theses ‘rigid’ blocks. This led to the formation of
the main border fault complex observed and modelled at the edge of the LH (e.g. the W-
dipping Bjerngyrenna Fault Complex on profile NBR07-232958) and in the northern part of
the SH (the NE-dipping detachment modelled on section 7335-94).

During Jurassic to Early (mid?) Cretaceous time the BB acted as a flexural sag triggered by
an extreme thinning of the continental crust and locally accommodated by these
detachments. The very rapid thinning of the lowermost sedimentary layer (Late Jurassic-
Cretaceous sequences) towards the basin centre appears to have occurred sympathetically
with later increased amounts of crustal thinning. This can be explained if extensional
deformation was gradually focused towards the basin centre in response to intra-crustal
simple-shear deformation, as the syn-rift sediments were being deposited. This
interpretation agrees with classic stretching models that involve a footwall flank uplift
following the extra thinning of the lower crust and/or lithospheric mantle that has been
proposed between the SH and the LH. The literature reports an uplift of the LH linked to a
fault zone oriented N-S and active along the western margin from Late Permian to Early
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Triassic time (Gabrielsen 1984, Gabrielsen et al. 1990). Following our model, we interpret
this uplift as originating from an earlier hanging-wall denudation of the LH controlled by
deep-crustal detachments.

Elbow-Shape evolution
of the Caledonian nappes

Post-orogenic collapse
and Late Paleozoic rifting

Late Paleozoic L. Mesozoic.E Cenozoic

Figure 11.11 Conceptual models of the geodynamic evolution of the study area. Abbreviation: BB:
BB; HB: Hammerfest Basin; KFC: Knglegga Fault Zone; LH: Loppa High; NB: Nordkapp Basin;
NLHSZ: North Loppa High Shear Zone; OB: Ottar Basin SB: Sgrkapp Basin; SD: Svalis Dome; SH:
Stappen High; VH: Vestlemgy High. Gernigon et al. (manuscript in preparation).

The high-density, lower-crustal body expected beneath the BB (see section NBR07-232958)
is difficult to reconcile with magmatic underplating. There is no evidence for the significant
quantities of intruded or extruded magma in the vicinity of the BB. We proposed the
presence of serpentinised upper mantle underneath the BB with pre-existing high-grade
metamorphic lower crust to explain the high density (> 3000 kg-m™) required beneath the
BB to fit the observed signal. The propagation of low-angle detachment surfaces, possibly
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inherited from the Caledonian post-orogenic collapse, into sub-crustal mantle, could
ultimately localise mantle exhumation and increase the mantle serpentinisation.

Porcupine Irish Mainland /
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Figure 11.12 Model for the crustal and sedimentary structure across the Porcupine Basin after
O’Reilly et al. 2006). In shape and structure, this Irish basin could represent a good crustal
analogue of the Bjgrngya Basin. Vertical exaggeration is 1:1.5. Triangles show the positions of
OBSs used in this study. NR, Neogene to Recent post-rift sequence; CP, Cretaceous to Palaeogene
post-rift sequence; J: predominantly Jurassic synrift sediment sequence; PRB: pre-rift basement; M:
Moho; PSP: partially serpentinised mantle peridotite. Low velocities in the subcrustal mantle (Vp c.
7.2-7.8 km.s™) are interpreted as evidence for partially serpentinised peridotites. Numbers are
seismic P-wave velocities (km.s™ ) in the subcrustal region of the model, added for clarity.

We expect a prominently rotated faulted structure in the deep part of the BB. Consequently,
the interpretation of the deep block should be reinterpreted carefully since it won’t
necessarily display classic tilted block features bounded by high-angle faults. It could
involve much more complex systems of low-angle detachments subsequently cut by steeper
faults during the thinning process. The quality of the data and the depth of such a block do
not allow us to constrain accurately the geometry in this report (this should require a
complete 2D-3D regional mapping of the deep BB), but Reston (2007 & 2009) has clearly
illustrated the difficulty in interpreting such highly extended features and their petroleum
implications. The Porcupine Basin (Fig. 11.12) also shows similar features and is also
relatively similar in size and shape (O'Reilly et al. 2006). Well constrained by wells and
seismics, it could be a good basin analogue of the BB, developed by thinning propagation
between the SH and the LH (Gernigon et al., in prep.).
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11.4.2 Deep structures, sutures and modelling results: still open questions

Our working hypotheses are initially based on the potential field analysis of the BASAR-09
survey (completing the previous surveys BAS-06 and BASAR-08) and suggest that both the
SH and the LH represent very old basement terranes amalgamated and closely connected by
the end of the Caledonian orogeny. Onshore-offshore investigations and the regional
magnetic signature suggest that the LH basement may partly represent the northern
prolongation of the old, highly magnetic, Precambrian terranes possibly linked with the
Transcandinavian Igneous Belt province (1.8 Ga in age) observed onshore (Barrere et al.
2009). Consequently LH could have been part of the stable Baltica before the closure of
lapetus and the onset of the main Scandian phases of the Caledonian Orogeny (Fig. 11.11).

The gravity and magnetic signature of the SH appears to be similar to that of the LH but its
origin before the Caledonian Orogeny could have been different. Uncertainties remain about
the origin and position of the SH basement before the Caledonian Orogeny. Some assume
that Bjgrngya and possibly the SH were part of Laurentia before the closure of the lapetus
Ocean (Smith 2000). In that case, this interpretation of the Phanerozoic location of Bjgrngya
is that any Caledonian strike-slip, orogen-parallel displacements and suture(s) must have
been located outboard of the combined Bjgrngya-Greenland craton. Accordingly, the suture
should be expected to be present beneath the BB, possibly at the level of the high-density
lower crust (high-density migmatites/peridotites/eclogite melange?). Alternatively, terranes
observed on Bjgrngya could have been thrusted above deeper Precambrian Baltican
basement and in that case, the suture would be expected west of the SH, most likely at the
level of the breakup axis since uppermost mantle heterogeneity has a tendency to localise
the lithospheric deformation and the rift/margin development (Yamasaki and Gernigon,
2009).

Even though the old basement configuration is still controversial and not yet fully
understood, both the SH and the LH appear in our modelling as distinct and thick crustal
blocks, at least since Devonian time. The SH and LH were close together at that time but a
major crustal contact (crustal shear sone, major thrust) probably seperated the two crustal
terranes. The west-dipping detachment observed on the western flank of the LH could
therefore represent a reactivated thrust that formed between the SH and the LH during the
Caledonian deformation. In that case, the SH could represent, initially, a major crustal
hanging-wall as proposed by Moretti et al. (1988).

Most fundamentally, the SH and the LH are interpreted to represent continental rigid blocks
that behaved as ‘buffer’ during the Caledonian Orogeny and subsequent Palaeozoic-
Mesozoic rifting episodes (Gernigon et al., in prep). These blocks most likely controlled the
elbow-shaped configuration of the Caledonian nappes as earlier suggested by Gernigon et
al. (2007) and further developed and described in Barrére et al. (2009) and Bronner et al.
(2009). After the Caledonian Orogeny, we believe that the original rigid blocks probably
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acted as continental ribbons and locking zones during the subsequent Palaeozoic and
Mesozoic rift history and consequently influenced both the Palaeozoic and the Late
Mesozoic basin development and the entire paleogeographic evolution of the area (Fig.
11.11).

The new and most challenging hypothesis considers that some of the Palaeozoic basins in
most of the Bjarmeland Platform could have also developed along NW-SE regional trends
up to the northern SH (Fig. 11.11). Should we be able to develop this tectonic model further,
it could totally change the classic paleogeographic hypothesis which favours the
development of NE-SW-trending Palaeozoic basins in most of the western Barents Sea (e.g.
Gudlaugsson et al. 1988, Faleide et al. 2008). We conclude that the trends of the Late
Palaeozoic basins, most likely influenced by the reactivation of Caledonian structures, are
not necessarily sub-parallel to the NE-SW trending Mesozoic axes as has often been
suggested in the literature.

The few seismic lines at our disposal suggest that a major detachment fault dipping to the
northwest can be observed along the northern flank of the SH, most likely controlling the
southern Sgrkapp Basin. Collapse of the Caledonian nappes and reactivation of the main
thrusts could explain the NE-dipping polarity of the main detachment inferred to exist
between the SH and the Bjarmeland Platform (see section 7355-94). However, it contrasts
significantly with the opposite, SW- to W-dipping, detachment fault complex that probably
controls the BB. It would seem that between the SH and the LH a complex accommodation
zone developed between the major detachments. This accommodation zone has been
highlighted by a NNW-SSE magnetic trend on the old NGU compilation and seems to have
controlled the Mesozoic basin development and deposition towards the north. The NW-SE
trend of the accommodation zone has most likely had a significant influence on later
tectonic development of the LH and SH, and the BB system could coincide with a major
shear zone that was active during Caledonian time (informally named North Loppa High
Shear Zone, NLHSZ).

As part of the system, the BB represents a hyper-extended basin that developed between the
SH and the LH from Devonian to Late Mesozoic time. This basin is probably more
segmented, as suggested by the observed gravity and magnetic trends and magnitudes, but
in general seems to have propagated from south to north with time. We believe that when
the BB reached the NLSZ level, it failed to extend farther north and probably influenced the
regional stress regime which triggered a complete reorganisation of the rifting, migrating to
the west to initiate the sheared margin south and west of the SH (Fig. 11.11). Basically,
without the presence of this old crustal accommodation zone, the breakup between the
western Barents Sea and Greenland would have occurred east of the SH and not to the west
as finally observed. We believe that the NLHSZ probably stopped the propagation of the
BB, and has been interpreted as a thinning propagator (Gernigon et al., in prep.). Without
the influence of this major inherited (Caledonian) feature, the Tertiary breakup could have
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occurred in the central part of the present day Bjerngya Basin. The disappearance of the
Mesozoic propagator was therefore associated with a lateral shift of the deformation
towards the west, leading to the development of the sheared margin and sedimentary basin
to the west and south of the SH and described by sections BV3-86 and BV12-86. The age
and nature of these western basins, now partly hidden by volcanic rocks are unknown, but
according our tectonic model they should have started to be active precisely during the
declining activity of the stage of thinning system proposed for the BB.

The late phase of rifting was concentrated south and west of the SH, and even though it has
not yet been investigated in detail, the Knglegga Fault Zone and its related features probably
controlled part of the late oblique margin setting. In our tectonic model we propose that the
Knglegga Fault Zone could have been closely related to the Ringvassgy-Loppa Fault
Complex before the drastic thinning of the crust and opening of the BB (Fig. 11.11). It could
also explain the unclear transition zone between the BB and the Sgrvestsnaget Basin and
would also fit with our idea of a fan-shaped evolution of the Caledonian nappes (Fig.
11.11).

11.5 Conclusions — Limitations - Perspectives

e Forward modelling combined with the Euler and Werner deconvolution technique
has been carried along selected regional transects (NBR07-232958, 7355-94, BV03-
86 and BV12-86). We depth-converted and interpreted the sections and carried out
both gravity and magnetic forward modelling constrained by the Euler and Werner
deconvolution results.

e The modelling provides a refined interpretation of the top basement and Moho
estimates. We show notably a major thinning of the BB compared to the surrounding
LH and SH, which are only mildly affected by the crustal thinning.

e The models tend to agree with the previous geodynamic scenario of rigid and
‘buffer’ blocks proposed for the LH and the SH. In this context, the BB is interpreted
as a hyper-extended basin propagating to the north. This thinning propagator ends at
the level of the North Loppa High Shear Zone, a complex NW-SE-trending shear
system associated with the Caledonian nappes, initially stacked against the rigid
blocks of the LH and SH (Gernigon et al., in prep.).

e Limitations in the present report mostly related to the quality of the seismics, which
does not allow us to fully understand the deep structures everywhere. The use of
extra NBR Fugro lines is definitively a prerequisite for investigating the deep
structures. Extra transects should contribute to a better understanding of the SH-LH
system. The deep geometry of the Bjgrngya Basin needs to be better constrained.
The significance of the perched sub-Permian basins that are clearly highlighted by
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the new magnetic field in the LH area is also unclear and the inferred presence of old
NE-SW thrusts(?)also needs to be investigated in more detail.

e The lack of long-offset data in the Vestbakken area is also restrictive and does not
allow us to identify the deep, sub-basalt basin suggested by the potential field
modelling. Access to better seismics would be conductive to a better understanding
of this complex transtensional system.

e More fundamentally, the complexity of the structural development of the western
Barents Sea is a matter for further investigation. In the present report, we have
mostly focused on the LH, BB and SH, which are the most prominent structures
within the BASAR-09 area, but many adjacent structures remain untested by
modelling (e.g. Svalis Dome, Vestlemgy High, Tromsg, Harstad and Hammerfest
basins,).

e We also propose to obtain specific susceptibility measurement on Bjgrngya.
Susceptibility values of the different rock units already sampled in this ‘basement
windows’ of the Barents Sea could provide relevant information and should
contribute a refinement of the modelling.
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12 3D MODELLING
Marco Bronner

12.1 Introduction

A number of crustal models for the Barents Sea has been published in recent years (Ritzmann
et al. 2007, Marello & Ebbing 2009, Barrere 2009) with the aim improving the depth-to-
basement map and to better understand the structural setting and evolution of the Barents Sea.

Whilst the BARENTS50 model (Ritzmann et al. 2007) covers the entire Barents Sea and was
mainly designed for seismological uses and in a rather low resolution (50 km), Barrére (2009)
concentrated on the SW Barents Sea with a much higher resolution of c. 10 km. She modified
the top basement of Skilbrei (1991, 1995), making use of a significantly improved seismic
coverage (e.g. Breivik et al. 2005) and with an improved aeromagnetic and gravity database
(e.g. Olesen et al. 2009). Marello & Ebbing (2009) updated and improved the BARENTS50
model by potential field modelling and a higher resolution of 25 km, considering various
constraints from seismic, wells and petrophysics.

Barrére et al. (2009) also presented a characterisation of the basement lithology, by evaluating
the petrophysical data from onshore Norway and some offshore wells. The structure of the
western Barents Sea shelf has a complex history imprinted in the basement structure and
lithologies. Based on these results and in combination with an interpretation of magnetic
lineaments, Barrére et al. (2009) provided a subdivision of the western Barents Sea into
different basement blocks.

In the BASAR-08 project (Bronner et al. 2009) we discussed the 3D model of Barrére (2009)
with respect to the new BASAR-08 data and presented an updated magnetic crustal
characterisation for the survey area. With the acquisition of the BASAR-09 data and the
release of the HRAM-97/98 survey, we obtained a new high-resolution aeromagnetic
compilation for the entire southern Norwegian Barents Sea. 2D modelling along selected
seismic lines, structural interpretation and onshore-offshore correlations carried out with the
magnetic data from all the projects BAS-06, BASAR-08 and -09 have allowed us to gain new
insights into the structural settings and tectonic evolution of the Barents Sea. The new
constraints and new concepts, which evolved from the new magnetic data, are beneficial for a
further update and improvement of the existing 3D models.

12.2 Modelling Concept

The SW Barents Sea margin has been studied by 3D modelling integrating a wealth of
geophysical data: seismic profiles, commercial and scientific drilling on the shelf and
mainland Norway, petrophysical sampling and a dense coverage of gravity and aeromagnetic
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data. Magnetic depth estimates provide a good starting point for a genuine structural
interpretation (e.g. an interactive modelling or a constrained inversion). Skilbrei et al. (1991)
and Mark et al. (2002) showed that the susceptibilities of the basement can range between
0.005 and 0.035 SI, whereas the susceptibilities of the overlying sedimentary rocks are only in
the order of 0.0003 SI, some one to two orders of magnitude lower. The range of
susceptibilities for the basement is depending on composition and varies from 0.005 to 0.01
Sl for Caledonian basement, 0.01 to 0.035 SI for Precambrian basement, to even higher
values for mafic-intruded basement (e.g. Barrére et al. 2009). Therefore, magnetic data are
extremely useful for estimating the depth to top basement.

For the 3D modelling the IGMAS software (Gotze and Lahmeyer, 1988) has been used.
Within IGMAS the geometry is defined along parallel, vertical cross-sections (white solid
lines, Fig. 12.1). The distance between the vertical sections can be defined arbitrarily,
depending on the complexity of the modelled structures. The geometry is automatically
triangulated between the sections to polyhedrons that define the 3D geometry. Densities and
magnetisations (Q-value and susceptibility) are subsequently defined for every polyhedron.
The gravity and magnetic fields are then calculated and the resulting field compared with the
observed potential field.

Magnetisation of crustal rocks is mainly related to the magnetite content in the bedrock, e.g.
sedimentary rocks can be considered non-magnetic relative to basement rocks. The Curie
temperature of magnetite is 580°C and at this temperature rocks lose their ability to remain
magnetised. Assuming a normal thermal gradient, the Curie temperature is located in the deep
crust (e.g. Ebbing et al. 2009). Therefore, we can limit the extension of magnetic sources to
the crust. Magnetic field calculations require the definition of an external magnetic field. We
define the normal inducing magnetic field with a field-strength of 53,300 nT, an inclination of
79° and a declination of 4.3°. We can also use the true magnetic field over the study area,
which improves the results slightly, but increases substantially the computation time.
Therefore, we use a constant magnetic field and the remanent magnetisation is modelled
parallel to the induced magnetic field.

To establish a 3D model, information about the geometry and density/magnetisation of the
crustal rocks is needed. These parameters are described in the following section.
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Figure 12.1 Structural map and outline of the 3D model. Lines indicate the vertical planes defining the
3D model.

12.3 Data

The gravity anomaly map (Fig. 12.2) is a combination of free-air gravity for the offshore parts
and Bouguer gravity onshore Norway and Bjgrngya (Olesen et al. 2010). Full Bouguer
correction for the onshore areas was carried out using a topographic grid with a resolution of
50 m and reduction densities of 2670 kg/m3.

Magnetic data (Fig. 12.3) derived from the new aeromagnetic compilation for the Norwegian
Barents Sea (Ch. 5). The dataset is compiled from reprocessed aeromagnetic surveys and line
spacing ranges from 0.5 to 2.5 km over mainland Norway and from 1 to 5 km over the
continental shelf.
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Figure 12.2 Gravity compilation used for 3D modelling. For gravity data a compilation of free-air
gravity in the offshore parts and Bouguer gravity with reduction density of 2670 kg/ m® onshore
Norway and Bjgrngya was applied. Outline of the 3D model.

12.3.1 Petrophysical data

Densities of the sedimentary layers are based on well data (Tsikalas, 1992) and tables
published by Ritzmann et al. (2007) based on velocity-density relationships of sedimentary
units obtained from the seismic refraction and reflection/gravity studies. Bedrock densities are
based on direct onshore sampling and laboratory measurements (Olesen et al. 1990,
Galitchanina et al. 1995).

Deep-crustal densities are based on published values from refraction models (Breivik et al.
1998, 2002, 2003, 2005, Mjelde et al. 2002) inferred from velocity-density relationships and
gravity modelling (Gernigon et al. 2007, Bronner et al. 2009). The density errors from the
velocity-density relations are in the order of +50 kg/m3 and +100 kg/m3 for the upper-and
deep-crustal layers, respectively.
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Figure 12.3 Aeromagnetic compilation used for 3D modelling. Outline of the 3D model.

For the magnetic field, the magnetic susceptibility and remanence from the magnetic
modelling along the deep IKU lines A, B and C by Barrere et al. (2009) were used as initial
parameters. Those values were derived from onshore and offshore samples from the Troms
and Finnmark regions (Olesen et al. 1990; Slagstad et al. 2008). Q-ratios (the relationship
between remanent and induced magnetisation) were adapted according to the petrophysical
data and modified during the modelling. We set a homogeneous and low Q-ratio for the lower
crust and mantle of Q=0.4 and a magnetic susceptibility of 2000-10® (SI). Sedimentary rocks
are set to 30 x 10” (SI) as they are very low-magnetic in comparison to the basement rocks.

An overview of the model parameters is given in table 12.1.

12.3.2 Geometric constraints from seismics

To constrain the sedimentary layers we used two industrial, depth-converted, seismic
horizons: base Cretaceous and top Permian. These horizons were produced by depth-
conversion of seismic horizons using regional velocity laws calibrated by well data. The
sedimentary rocks are thus subdivided into four sedimentary units: Cenozoic/Cretaceous,
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Jurassic/Triassic and Palaeozoic. Seven wells (yellow circles, Fig. 12.2) reach the top
basement in the southwestern Barents Sea region; they were used to calibrate the modelled
top basement and check the reliability of the depth-converted seismic horizons.

For the initial model we used the western part of the regional model by Marello & Ebbing
(2009) and updated and refined it tentatively from 25 km to 10 km resolution. Their model is,
in turn, an updated and refined version of the BARENTS50 model, which is a seismic-
velocity model of the crust in the Barents Sea with a lateral resolution of 50 km. The
BARENTS50 model is based on 2D wide-angle reflection and refraction lines, passive
seismological stations and, to a limited extent, potential field data (Ritzmann et al. 2007).
Marello & Ebbing (2009) added additional and reinterpreted data to better constrain the
model, and used combined gravity and magnetic forward modelling and intensive and
comprehensive analysis of the potential field data to evaluate and consider the different
basement structures in the Barents Sea, which resulted in a more detailed and more reliable
3D model.

For the the initial crustal structure the IKU deep-seismic reflection profiles and the seismic
refraction data (Mjelde et al. 2002, Breivik et al. 2002, 2003, 2005) were used to constrain it.
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Figure 12.4 Presentation of the additional data from wells, deep seismic profiling and 2D grav/mag
modelling along seismic lines, used to constrain the model geometry.

154



NGU Report 2010.056 BASAR-09 Report

2D interpretation along selected seismic lines from the different recent projects BAS-06,
BASAR-08 and -09 were used to refine the model and to test different scenarios. A recent
OBS profile (PETROBAR, Clark et al. 2009) has also been used. This profile is running
along profile IKU-B, but is extended in the northwest and southeast, and includes stations
located onshore Norway.

12.3.3 Model parameters

The different crustal units applied in the model are presented in table 12.1. The original
petrophysical parameters, derived from samples and logs onshore Norway and from wells,
were adjusted to average values for each model unit to fit the observed potential fields. The
corresponding number is used to identify each unit in the presented 2D slices from the 3D
model (Figs. 12.7-12.10)

Stratigraphy Unit Density Q-ratio Susceptibility | No.
(kg/m3) (10°SI)

Sediment Water 1040 0 0 1
Cenozoic- 2350 0 30
Cretaceous
Jurassic- 2460 0 30 3
Triassic
Palaeozoic 2640 0 30 4
Deep 2750 0 30 5
Palaeozoic

Upper crust Caledonian 2750 0.5 500 6
basement
Precambrian | 2750 0.5 2300- 7
basement 3000
Loppa High | 2770 0.6 4000 8
basement
Stappen High | 2760 05 3000 9
basement
CoT 2750 0.8 2300 9a
basement
Volcanic 2750 - 2770 | 2 3500- 10
rocks 4000

Oceanic crust 2950 1 1000 10a

Lower crust Lower crust 2940 0.4 400 11
LCB 3000 15 3500 12
Mantle 3260 0.4 0 13

Table 12.1 Modelling parameters: different crustal units are defined by a combination of

petrophysical values obtained by density and magnetic modelling.
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12.4 Modelling

One of the major outcomes of the BASAR-08 project was the impact of the overlying low-
magnetic Caledonian basement for the observed magnetic field in the southwestern Barents
Sea. Onshore-offshore correlations could link the fronts of Caledonian nappes and thrust
sheets observed onshore Norway with curved eastward-convex lineaments in the magnetic
field, which were consequently interpreted as the expression of different stages of the
eastward propagation of the Caledonian thrust sheets (Bronner et al. 2009). The 3D models by
Barrére (2009) and Marello & Ebbing (2009) interpreted the magnetic field variations as
being due to different basement types and deduced from this complex evolution scenarios for
the Barents Sea, which in general are most likely correct. However, based on the new dataset
we extended the model geometry and conclude that at least some of the magnetic variations
are the result of two different basement types with variable thickness, lying on top of each
other, similar to what we observe onshore Norway.

Furthermore, the comparison of the main gravity and magnetic anomalies (Fig. 10.3) clearly
shows significant differences and indicates a superposition of different lithological units (Ch.
10, Ch.11). 2D modelling suggested different scenarios,such as thin layers of volcanic rocks
on top of the basement and/or serpentinised lower crustal bodies as an explanation, which we
wanted to test and extrapolate in a 3D model.

For the modelling, the additional constraints and interpretations were added to the initial
model and geometries were subsequently adjusted, starting from the deeper model upwards.
Contradictory geometries from overlapping or crossing profiles were modified to fit the
potential field data and will be discussed for some examples. The major part of the model was
subsequently refined from 25 km to 10 km resolution (Fig. 12.1).

We would like to point out that the resolution along the seismic and interpreted 2D profiles is,
of course, much higher and it was not the goal of the 3D model to fit them perfectly but to test
trends and scenarios, indicated from the 2D lines, and to extrapolate structures into 3D. The
current stage of the model is far from final, but reflects the present stage of knowledge to the
extent of the given resolution. Refinement within smaller areas and across local structures is
definitely possible but was not a part of the scope of this work and remains as one of our
future tasks.

12.4.1 Model correlation

The general patterns of the observed and the modelled gravity and magnetic anomalies (Figs.
12.5a & 12.6a) are comparable. The long- and most of the intermediate-wavelength anomalies
for both gravity and magnetics are well explained, and remaining misfits are mainly due to the
limited resolution of the 3D model and geo-structures like salt domes, which were not applied
to the model.
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Figure 12.5 a) Calculated gravity from the 3D model and b) difference field with the observed gravity.
The standard deviation is c. 8 mGal, which can to a large extent be explained by local mismatches like

salt structures( Nordkapp Basin, Svalis Dome), which were not included in the 3D model.
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Figure 12.6 a) Calculated TMI from the 3D model and b) difference field with the observed TMI. The
standard deviation is c. 70 nT, which can to a large extent be explained by local mismatches along the
COT, where constraints were only sparsely available, and low model resolution onshore Norway.
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The final differences between the measured and modelled gravity anomalies have a standard
deviation of ¢. 8 mGal (Fig. 12.5b). The biggest mismatches are observed in the Nordkapp
Basin and at the Svalis Dome due to the missing salt structures in the model. Furthermore,
noticeable mass deficiencies and surpluses do still exist at the northern and southern ends of
the model, where the model resolution decreases to 20 km and smaller wavelengths were not
adjusted.

For the magnetics the adjustment is also very good. The standard deviation for the model is
about 70 nT and remaining mismatches are mainly concentrated in the western part of the
model in the area of the COT (Fig. 12.6b). Here, additional constraining information was
sparsely distributed and adjustments within this area were thus given lower priority. In the
south, onshore Norway, the short-wavelength anomalies have been negligibly adjusted due to
the reduced model resolution.

12.4.2 Modelling results

The 3D model is shown and discussed along some representative 2D profiles as well as on the
basis of the depth-to-basement map and Moho depth from modelling. The positions of the
presented 2D profiles are shown in figure 12.8. The numbers in the profiles correspond to the
numbers for every unit in table 12.1.

Figure 12.7 Structural map of the southwestern Barents Sea (Gabrielsen et al. 1990) with the
positions of the presented 2D profiles from the 3D model.
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Profile 9a (Fig. 12.8a) runs from the southern part of the Sgrvestsnaget Basin across the Senja
Ridge, the Tromsg Basin and the Loppa High. It covers the northeasternmost part of the
Hammerfest Basin and the southwesternmost edge of the Norsel High, before it crosses the
southern Nordkapp Basin and the northern part of the Finnmark Platform.

The Senja Ridge separates the two deep (more than 10 km) basins Sgrvestsnaget and Tromsg
and is noticeable from gravity by its very steep and narrow amplitude, whilst the structure has
no expression in the magnetics. The depth-to-basement was observed from seismics at more
than 5 km depth with mostly Cenozoic to Mesozoic sediments on top (Faleide et al. 2003,
Breivik et al, 1998), which gave a basement density for the ridge similar to lower continental
crust to explain the high amplitude.

The Loppa High is well expressed on this line on both gravity and magnetic data, which
indicates a basement block with significant higher density and magnetisation than the
surrounding basement. The magnetic signal shows an amplitude of more than 800 nT at the
western flank of the Loppa High. Wells were drilled into the basement here (Ch. 9) and
observed dolerite, which was measured to have significant high magnetisation (Slagstad et al.
2008) and explains the amplitude.

East of this block in between the Loppa and Norsel highs a magnetic low is observed, which
correlates with the Ottar Basin. The Ottar Basin is assumed to be a Late Palaeozoic rift basin
(Breivik et al. 1995), probably consisting of highly compacted sediments which might explain
the absence of any expression for the basin in the Bouguer gravity. It reflects very well a
problem we face during modelling to distinguish between low-magnetic, Caledonian
basements and deep-seated, highly compacted sediments; both have similar densities and the
magnetic signal of the slightly higher Caledonian basement is too small to distinguish from
other more shallow origins. We know from well logs that certain sedimentary successions can
show a similar density as basement at depths of c. 8-10 km and deeper.

The Norsel High and the adjacent Nordkapp Basin show a different basement structure than
the Loppa High with lower density and magnetisation. An interpreted Caledonian basement
on top of Precambrian basement was used in conjunction with constraining information to
explain the discrepancies between observed gravity and magnetic field (Ch. 10) and revealed
the Nordkapp Basin to be framed by Caledonian Nappes, which is even more obvious on
profile 10b (Fig. 12.8b).

This profile (10b) shows a cross-section from the Sgrvestsnaget Basin over the Veslemgy and
Loppa highs to the Bjarmeland Platform and the central Nordkapp Basin. The Veslemgy High
shows a similar feature as the Senja High in the potential field data and thus is considered as a
similar structure.

The Moho depth beneath the Loppa High is derived from the results from the OBS line
Petrobar07 (Clark et al. 2009), increasing to c. 35 km, which fits well with the gravity data.
The magnetic high at the Loppa High confirms again the different basement structure of this
block in comparison to its surroundings.

On the Bjarmeland Platform the profile crosses the tail like structure observed from the
magnetics (Bronner et al. 2009), which obviously appears as a kind of compressional front in
the basement and marks the western boundary of the Nordkapp Basin, while the eastern flank
is composed of thickened Caledonian basement.
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Figure 12.8 ENE-WSW oriented cross-sections from the 3D model: a) Profile 9a and b) 10b with magnetic and gravity correlation between observed and calculated field. The model geometry from the 3D model with addressed units and parameters (See

Table 12.1) is shown.
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Figure 12.9 ENE-WSW oriented cross-sections from the 3D model: a) Profile 11a and b) 12b with magnetic and gravity correlation between observed and calculated field. The model geometry from the 3D model with addressed units and parameters
(See Table 12.1) is shown.
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parameters (see Table 12.1) is shown, and a comparison between the 3D model results and the ones from the 2D interpretation.

163

NW SE
[nTj‘ Magnetics T (rem+ind): dotted=calculated, solid=measured
Calculoted anomaly absolute!
—-800
600

3(I)O 4(I)O 5(|)O 6(|)0 x [km

Lravitly: gotled=caiculated, Solla=measurea
Calculoted anomaly absolute!




NGU Report 2010.056 BASAR-09 Report

WSW ENE
[nT] Magnetics T (rem+ind): dotted=calculated, solid=measured
Calculated anomaly absolute!
-300
-600

2(;)0 3(1)0 4?0 5(?0 GCI)O 7(130 B(IJO x [kn?]

| [mGal] Gravity: dotted=calculated, solid=measured
Calculated anomaly absolute!

B Stappen Loppa Bjarmeland
- 200 300High 4(5%? SBigh 600 7@atform 800 x [km]

\
i

PetroBar_07 BASAR-08_2 IKU_G
BvV3_86 7355_94

Figure 12.11 ENE-WSW oriented cross-section from the 3D model: Profile 13b with magnetic and
gravity correlation between observed and calculated field. The model geometry from the 3D model with
addressed units and parameters (See Table 12.1) is shown.
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Interestingly, Moho depth is in the order of 30-32.5 km below the Bjarmeland Platform and
northwards and shows a gradual decrease from north to south.

Farther to the north, the presented profile 11a (Fig. 12.9a) runs across the Sgrvestsnaget Basin,
Bjorngya Basin, Loppa High and the Bjarmeland Platform to the northeasern part of the
Nordkapp Basin.

The boundary between the Sgrvestsnaget Basin and the Bjgrngya Basin is barely expressed on
the gravity data, but on the magnetics the Bjerngya Basin appears as a noticeable minimum.
Clark et al. (2009) identified the Moho at the western flank of the Bjgrngya Basin at about
30 km, whilst our interpretation of a NBR line to the west (Ch. 10) sees the Moho already much
shallower at 22 km. From 3D modelling such a large increase seems to be difficult to accept but
the trend is reliable, although crustal thinning and an increase in the thickness of the sediments
are contradictory to an increase in the magnetic signal over the Sgrvestsnaget Basin. We
therefore incorporated a LCB in the model as proposed by Barrere et al. (2009) and in the 2D
modelling (Ch. 11). The LCB is of high density and high magnetisation which would appear to
contradict the results from the 2D modelling. From the 3D model, however, we observe the
need for an increase in the magnetisation towards the north, which either indicates a significant
northward thickening of the LCB or an increase in magnetisation in that direction. However, as
a simplification we decided to implement in the 3D model a LCB with higher magnetisation,
which results in a different geometry to that of the 2D modelling (Fig. 12.11a) but confirms the
need and supports the scenario for a LCB along the axis of the Bjgrngya Basin.

The northernmost part of the Nordkapp Basin overlies Caledonian basement, inferred to
comprise several thrust sheets and thus comparable to what we observe onshore northern
Norway.

Profile 12b (Fig. 12.9b) crosses south of the Stappen High and the northern edge of the Loppa
High with the Bjerngya Basin in between. It also crosses the Mercurius High and the
Bjarmeland Platform.

The Mercurius High is rather inconspicuous from both the gravity and the magnetics. The
Bjarmeland Platform shows rather small variations in both datasets and reveals the interaction
of the two overlying Caledonian and Precambrian basement types, which are sufficient to
explain both gravity and magnetics perfectly.

The Stappen and Loppa highs are observed from seismics to have similar top basement depths,
but the signature in the observed potential field data is different and the Stappen High appears
much smaller in amplitude, which indicates different basement structures for these two
prominent highs (see Ch.11). This is even more obvious in profile 13b (Fig. 12.11), where the
Stappen High is rather shallow and is still not particularly well expressed, either in the gravity
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or magnetic data. The Loppa High basement shows a noticeable higher density and
magnetisation.

The Bjgrngya Basin in between the two highs is observed from seismics to have thick
sedimentary successions of more than 10 km, which at the eastern flank in particular is in
contradiction to the observed gravity and magnetic field. We have already discussed the need
for a high-density LCB, but from the 3D modelling, a high-density high-magnetic body is
indicated along the profiles 12a and 13b to explain the observed fields, which could be
explained by a significant crustal thinning, serpentinization of the uppermost mantle and
intrusions penetrating the crust. The interpreted seismic sections Figs 12.10a & b are
unfortunately not ideally located to confirm this indication, but such an interpretation appears to
be rather self-evident to us since alternative magnetic sources such as sill intrusions in the
sediments have hitherto not been reported from the Bjgrngya Basin.

The correlation between the two seismic lines and the 3D model is fairly good. The
Petrobar_07 profile fits very well, while the NBR line shows some differences in particular in
the Moho geometry. Based on the 2D interpretation the Moho is shallower underneath both the
Bjorngya and the Hammerfest Basin. For the Hammerfest Basin, from 3D modelling, a bulging
Moho is not indicated along the line, but is slightly displaced to the west (Fig. 12.13). a feature
which might be caused by possible side effects in the 2D modelling. The need for a LCB
beneath the Bjgrngya Basin is also obvious from 3D modelling and has been discussed earlier.
The discrepancies in the Moho configuration are most likely a combination of the different
model resolutions and 3D effects. The general concept, however, is supported by the 3D model.

12.4.3 Depth to top basement

In the presented model we differentiated between the top of the magnetic source and the low-
magnetic Caledonian basement to define the top basement more accurately (Figs. 12.12a & b).
We will refer to the different top basements as 'top basement' (Fig. 12.12b) and 'top magnetic
basement' (Fig. 12.12a).

Over large parts of the shelf, the top basement is located at depths between 4 and 10 km. The
shallowest basement (< 2 km) is mapped at the Stappen High, southwest of Bjgrngya. The pre-
Devonian ‘economic basement’ on Bjgrngya represents Precambrian to Lower Palaeozoic
metasedimentary rocks (Worsley et al. 2001) and was not considered as basement in this
model.

Three wells were drilled into the Loppa High basement (Tab. 9.2), whereof the northernmost
one reached basement already in a depth of c. 1500 m. We could not get additional information
about the lithology or petrophysial parameters of the drilled basement, but from modelling we
can exclude the general high-magnetic 'Loppa High basement' type in such a shallow position.
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Figure 12.12 a) Depth-to-magnetic basement as defined in the 3D model with different basement units
(see in Table 12.1): b) Top basement map including Caledonian nappes as defined in the 3D model.
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The drilled basement in well 7220/6-1 must be low-magnetic and either a kind of ‘economical
basement’ or low-magnetic Caledonian basement as it was discussed for the structural
interpretation (Ch. 10).

The deepest top basement is observed in the basins at c. 14 km, more specifically in the
Sarvestsnaget, Bjgrngya, Tromsg and central Nordkapp basins. The Hammerfest and southern
Nordkapp basins, however, are comparatively shallow with 10 km and 11 km depths for the top
basement, respectively.

Comparing both basement structures, the major differences are observed east of the Norsel
High. There the top magnetic basement is dipping eastwards down to c. 17-18 km depth, whilst
the top basement is on average at 10 km depth. The thickness of the low-magnetic Caledonian
basement

is apparently increasing towards the east to up to 8 km, which is comparable with the estimated
thickness of the nappes onshore Mid Norway (Olesen et al. 2007).

This result is disputable though, because of the interference of the Timanian orogeny from the
east and a possible change in the composition of the basement in the eastern Barents Sea.

The NW-SE striking Timanian trend is predominant in the eastern Finnmark Platform, on the
easternmost Varanger Peninsula and in the southeastern Barents Sea (Bronner et al. 2009,
Gernigon et al. 2007), but from petrophysical observations onshore there is no direct evidence
for any significant change in the character of the Precambrian basement and the observed
Timanian trends could just reflect the tectonisation and fault activation that occurred during this
Late Neoproterozoic collisional event.

From 3D modelling the distribution of Caledonian basement shows a relevant thickness
onshore northern Norway, the Finnmark Platform and offshore in the eastern half of the model
area. Although a clear identification and differentiation between Caledonian basement and
compacted sediments is difficult at greater depths, (>8-10 km, see above), for the western half
of the model area, north of the Finnmark Platform, Caledonian basement seems to be inferior
and probably thin or absent in large areas west of the Norsel High. The basins here are
embedded in magnetic, most likely older Precambrian basement. Basement depth from seismics
and the magnetisations resulting from 3D modelling lend support to this conclusion.

East of the Norsel High in the central Nordkapp Basin, however, the basin flanks are formed of
low-magnetic Caledonian basement and reflect the occurence of the Caledonian nappes in this
area.

Former studies presented different interpretations of the basement domains, based on the
petrophysical characteristics they found from potential field interpretation and modelling
(Barrere 2009, Marello et al. 2010). With our modelling approach presented here, we could
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show that the superpositional effect of different basement types lying on top of each other is an
alternative to explain the observed magnetic field variations, and also reflects better the
geometries we observe onshore. Disregarding local variations within the basement, the Barents
Sea continental shelf basement is probably more homogeneous than expected and the field
variations are a product of the superposition of Caledonian and Precambrian basement.
Exceptions are Loppa High as a high-magnetic high-density basement block and the
westernmost part of the model area at the COT, which probably has a different composition due
to the alteration of the crust and the interaction with the mantle during the extension and break-
up processes.

Furthermore, the Loppa High has been shown to be a solid basement block with a significantly
higher density and magnetisation, whilst the Stappen High is different and it thus remains
unclear whether it represents a different basement type or an intermingling of the 'Loppa
basement type' with the surrounding ‘Precambrian Barents Sea basement'. From 3D modelling,
however, we observe a general basement type which, concerning its petrophysical parameters,
reflects an average Precambrian basement as observed onshore northern Norway and is
sufficient to explain the gravity and magnetic observations for the greater part of the study area,
overlain by a significant thickness of low-magnetic Caledonian basement in the eastern part of
the model.

12.4.4 Depth to the crust-mantle boundary (Moho)

The Moho (Fig. 12.13) is, in general, associated with a density contrast of 350 kg/m3 between
the lower crust and the upper mantle. Only across the lower crustal body (LCB) is this contrast
slightly smaller. The resulting Moho geometry is adjusted to the constraining 2D profiles and
reflects the Moho of Grad et al. (2009) in the remaining parts where we have no further
constraints. The Moho undulates over the continental shelf between depths of ¢. 20 and 35 km
and shows a general deepening in E- direction. Beneath onshore northern Norway the Moho is
observed at larger depth of more than 40 km.

In the region of the Sgrvestsnaget and Tromsg basins the Moho depth is rather constant at c.
20 km. The Hammerfest and Nordkapp basins are characterised by a bulging of the Moho,
whilst the Loppa High shows a local Moho low with a depth of c. 35 km. For the Bjgrngya
Basin, the Moho is of intermediate depth, gently dipping towards northeast from c. 20 km to 31
km, but the indication of a lower crustal body (LCB) with high density (Fig. 12.11) reveals
significant crustal thinning and most likely an intensive interaction between crust and upper
mantle along the basin axis. This is in agreement with the results of Clark et al. (2009) (Fig.
12.10b) who interpreted a much shallower Moho than had earlier been assumed west of the
Loppa High.
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The Stappen High, however, shows a local E-W striking deep in the Moho, whereas the rest of
the Stappen High has a similar Moho depth as its surroundings and does not have the same
imprint as the Loppa High (see above).

On the Bjarmeland and Finnmark platforms, the Moho is at a depth of c. 30 km and is dipping
towards the east. The configuration mainly derived from Grad et al. (2009) and is in good
correlation with the observed gravity data.

12.5 Conclusions

The 3D model displays a wealth of new and interesting information. Here we have limited
ourselves to the ones which appear to be most important in the context of the scope of this
project.

e The 3D model could test and confirm the different scenarios proposed from the 2D
modelling.

e The LCB underneath the Bjgrngya Basin extends along the basin axis and reflects the
amount of extension and crustal thinning that the basin was exposed to during its
evolution.

e Thin layers of high-magnetic magmatic rock are locally detected on top of the Loppa
and Norsel highs, as indicated by the observed magnetic field and observed on the
Loppa High in two wells.

e The superposition of low-magnetic Caledonian and high-magnetic Precambrian
basement on the Barents Sea shelf has a significant impact on the observed magnetic
field variations and can distort and falsify a characterisation of the underlying basement

e The Loppa High has been identified as a large basement block of a different basement
type than its surroundings. The nature of Stappen High, however, remains unclear;
either it is another basement type on its own or it may represent an intermingling of
different basement types.

e The Moho map reveals a thickening of the crust at the Loppa and Stappen highs and
crustal thinning beneath the large basins.
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Figure 12.13 Depth to Moho from the 3D model.
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13 2D THERMAL MODELLING
Christophe Pascal & Laurent Gernigon

13.1 Introduction

This chapter presents the results of the thermal modelling. Instead of conducting 3D modelling
over the surveyed area of the Barents Shelf and consequently loosing the resolution needed to
address the fine structure of the sedimentary basins, we preferred to focus on detailed 2D
modelling of the NBR-232948 profile that has been interpreted in the previous chapters. The
purpose of the modelling is to explore the influence of the complicated crustal structure along
the NBR-232948 profile on the static thermal field.

13.2 Modelling approach

The computations were carried out using the commercial software FLAC3D 4.00
(www.itascacg.com/flac3d). FLAC3D is a modelling code designed to calculate large
deformations and involves different types of rheologies but can also be used for steady-state or
transient thermal computations. The code utilises an explicit finite difference formulation. In
the present case, we used FLAC3D to solve the three-dimensional form of the steady-state heat
equation:

oT
oz
where q is heat flow, k thermal conductivity, T temperature and z depth (positive downwards).
More detailed mathematical aspects can be found in e.g. Haenel et al. (1988).

1)

NW T=0°C SE
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Trias

Permian
Paleozoic
Upper_Crust
Lower_Crust
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10 km
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I

Basal heat flow (40 mW/m?)

Figure 13.1 Modelling setup used in the present study. Surface temperatures and basal heat flow are
applied and each rock unit has its own thermal properties (i.e. heat generation and thermal
conductivity, Table 12.1). Note the salt pillow shown in white inside the Bjgrngya Basin.
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Because FLAC3D is a full 3D code, our ‘2D’ model was built as a vertical thin plate with
uniform geometries and properties along the Z axis. We built the geometry of the ‘2D’ thermal
model according to the results of the crustal modelling presented in Chapter 11 (Fig. 11.7). The
dimensions of the model and the rock units introduced in it are shown in Figure 12.1. The
model involves ~8900 grid points and ~4200 zones with, in general, an irregular brick shape,
allowing for a satisfactory accuracy.

Equation (1) is solved considering the presence of internal sources of heat (i.e. heat generation
by decay of radioactive elements in rocks) and considering the set of boundary conditions given
in Figure 13.1. Temperatures are fixed at the top edge of the model and set equal to 0°C. This
temperature does not obligatorily correspond to present-day, sea-bottom temperatures but
represents an approximation of the average temperature prevailing during latest Cenozoic times,
deep underground temperatures being presumably in equilibrium with the long-term average
surface temperature. A basal heat flow of 40 mW/m? was estimated by us using a trial-and-error
approach, calibrated by measured temperatures in exploration wells. Heat generation rates
(Table 13.1) were inferred according to lithological composition (Rybach 1988).

Thermal conductivity Heat generation

(W/K.m) (W/m?)
Salt 2.0t06.0 0.01
Cenozoic 1.5 1.5
Cretaceous 1.8 1.5
Mesozoic undiff. 2.0 15
Triassic 2.0 15
Permian 2.0 15
Palaeozoic 25 1.5
Upper crust 25 2.0
Lower crust 3.0 0.2
LCB 3.5 0.01
Mantle 3.5 0.01

Table 13.1Thermal parameters used in the modelling.

Thermal conductivity values (Tab. 13.1) were also selected according to the lithology of the
rocks penetrated in exploration wells (Clauser &Huengens 1995). Most sediments in the
Barents Sea are shales and claystones bearing low thermal conductivity values (Smelror et al.
2009). It is noteworthy that an increase in thermal conductivity following compaction is
simulated by means of setting higher values to the deepest or later exhumed sediments. We also
set up the thermal conductivity values considering their decrease with temperature. Because
rock salt is usually devoid of porosity, we only considered the effect of temperature when
setting up thermal conductivity values for the salt pillow modelled in the Bjgrngya Basin (Fig.
13.1). Consequently, we assumed a gradual decrease in thermal conductivity from 6 W/K.m at
the top of the salt dome, to 2 W/K.m at the root of the salt pillow. Standard values were used
for the basement and the mantle with the exception of the Lower Crustal Body (LCB), which
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most probably represents a mixture of ultramafic rocks whose thermal properties are assumed
to be close to those traditionally attributed to mantle rocks.

13.3 Results

As a rule of thumb, model results need to be interpreted in terms of combinations of the
blanketing efficiency of the cover rocks with distribution of internal sources of heat. The first-
order control on lithosphere geotherms is exerted by variations in the thickness of the crust,
which is on average less conductive than the mantle (Tab. 13.1), and explains the ‘wavy’ shape
of the mantle isotherms (Fig. 13.2a). In detail, the depression of the modelled isotherms below
the Bjegrngya Basin is further enhanced by (1) the high thermal conductivity (i.e. no thermal
insulation of the underlying mantle) and very low heat generation attributed to the Lower
Crustal Body (LCB), and (2) the extreme attenuation of the upper crust (i.e. the most heat-
generating unit of the model).
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Figure 13.2 Modelled isotherms up to a) ~850°C and b) 400°C. Red vertical profiles depict locations
where modelled temperatures were extracted for comparison with temperature data from exploration
wells (see Fig. 12.3).
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The blanketing effect of the thick pile of mainly Cretaceous shales in the Bjgrngya Basin is
particularly pronounced in its northwestern part and highlighted by a significant rise in
temperatures at depth (Fig. 13.2b). This effect is counteracted to the southeast by the reduction
in size of the upper crust and the sediments and increase in thickness of the LCB, which is
equivalent to reducing the abundance of heat-generating elements and decreasing the average
thermal conductivity. Again, the blanketing effect of the thick sedimentary cover is well
illustrated for the Hammerfest Basin. On average thermal conductivity of the sediments is
higher for this basin than for the Bjgrngya Basin (Tab. 13.1) and, consequently, thermal
blanketing less efficient. However, the thicker upper crust below the Hammerfest Basin results
in a higher heat input as compared to the Bjgrngya Basin. The relatively high thermal
conductivities on the Loppa High result in lower geothermal gradients with respect to the
surroundings (Fig. 13.2b).
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Figure 13.3 Snapshot of modelled temperature (see Fig. 12.2) showing the significant depression of the
isotherms caused by the salt dome.

The most significant reduction in geothermal gradients is produced by the salt pillow in the
Bjorngya Basin (Figs.13.2 & 13.4). The very high thermal conductivity of salt as compared to
the host rocks and to some extent its very low heat generation (Tab. 13.1) are responsible for
the comparatively low temperatures that are modelled. The reduction in temperatures reaches
up to ~30° C at 2 km depth but the effect is gradually damped farther down because of the
assumed decrease in salt conductivity with temperature. The traditional view that salt domes
produce positive thermal anomalies (e.g. Yu et al. 1992) does not hold in the present case,
because our studied salt dome reaches the sea floor. As such, the dome can be viewed as an
efficient path evacuating underground heat to the surface where it dissipates.
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Figure 13.4 Comparison between modelled and measured temperatures in exploration wells (data
source: Norsk Oljedirektoratet). Numbers refer to the sampling locations inside the numerical model
(see Fig. 1.2). BHT = bottom-hole temperature, DST = drill-stem test.

Figure 13.4 shows modelled temperatures sampled at different depths and for five selected
profiles (see location in Fig. 13.2) together with 95 temperatures measured in exploration wells
in the western Barents Shelf and made available by the Norwegian Petroleum Directorate (see
details in Pascal et al. 2009). DST temperatures are usually considered to be more reliable than
BH temperatures (e.g. Goutorbe et al. 2007). However, in the present case DST temperatures
are limited to the upper 3 km where they appear to be in somewhat reasonable agreement with
BHT measured at equivalent depth levels. Down to ~2.5 km depth, DST and BH temperatures
result in geothermal gradients of 38°C/km and 34°C/km, respectively. Interestingly, BHT data
suggest a reduction in geothermal gradient down to 22°C/km and below 2.5 km, consistent with
the hypothesis that thermal conductivities increase with depth and also with our modelling
results.

A reasonable fit between data and modelled temperatures is obtained, in particular for the
Hammerfest Basin profile where the highest temperatures and an average gradient of 33°C/km
are also modelled (Fig. 13.4). The modelling results suggest slightly lower temperatures for the
Bjgrngya Basin and the Stappen High but with similar geothermal gradients. The modelling
suggests lower thermal gradients for the Loppa High (i.e. 28°C/km on average). As stated
above, temperatures and geothermal gradients in the salt dome (and below) are considerably
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reduced, in particular at shallow depths (i.e. 20 C/km between 1 and 2 km depth) and increase
significantly at deeper levels (i.e. 34°C/km between 3 and 5 km depth).

13.4 Conclusions

Any thermal modelling study at the crustal scale is always hampered by a deficiency or lack of
control points especially at great depths. Nevertheless, modelling a crustal section constrained
by a wealth of geophysical and geological data permits us to draw first-order conclusions
awaiting for further refinements in the future.

The major conclusions of our modelling exercise for the NBR-232948 profile are:

e thermal gradients of ~33° C/km are predicted at shallow depths (i.e. down to 2.5 km
depth) for most of the modelled profile, in reasonable agreement with gradients
determined from BHT data at equivalent depths but 15 % lower than those determined
from DST temperatures;

e gradients at the Loppa High (i.e. ~28° C/km) appear to be lower than the regional
average;

e the presence of a thick LCB below the southeastern half of the Bjgrngya Basin results in
reduced heat input and no thermal blanketing of the mantle and, consequently, lower
temperatures with respect to the northwestern half of the basin;

e the presence of a salt pillow piercing the sea floor of the Bjgrngya Basin implies a
dramatic cooling (i.e. by ~30° C at 2 km depth) of the sediments in the close vicinity of
the pillow with respect to sediments occuring farther away.
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14 CONCLUSIONS AND PERSPECTIVES

14.1 Main results

e The new high-resolution aeromagnetic survey BASAR-09 yielded a consistent and
high-quality aeromagnetic data set, identifying new and additional structures of short to
intermediate wavelength. The data are of excellent quality and provide a new and more
accurate magnetic picture for our geological understanding of the southern Norwegian
Barents Sea.

e Various filters and derivatives were applied to enhance different magnetic features and
to support the structural interpretation. A number of different lineaments were observed
and correlated with both Caledonian and Timanian structures, providing a better image
of the interaction of these two major events and the ancient development of the Barents
Sea continental shelf.

e Additional fault structures and probable dykes were observed in the offshore domains,
reactivated during the different rifting phases in the Barents Sea, providing new insights
into the importance of rifting for the entire region.

e The Stappen and Loppa highs are the predominant magnetic features within the
BASAR-09 survey area, and are linked to each other by a deep-seated narrow and
elongated magnetic anomaly.

e With the acquisition of the new aeromagnetic survey BASAR-09 and the release of the
high-resolution survey HRAMS-97/98, a new aeromagnetic map for the western Barents
Sea has been compiled, reflecting a very comprehensive and in high-quality magnetic
setting of the area.

e Onshore-offshore comparisons revealed a rather poor correlation between surface
geology and magnetic signature. The Upper and Uppermost Allochthon of the
Caledonides are evidently magnetically transparent and have little bearing on the
magnetic signal.

e 2D grav/mag modelling along four regional seismic transects facilitates interpretation of
the main structural elements highlighted by the BASAR-09 survey. The resulting
models show the capability of integrated modelling for gaining additional information
on sedimentary basins, intra-sedimentary geo-bodies and crustal geometries, but also
reveal the weakness of the method when not giving sufficient consideration to 3D
effects. This might partly explain the remaining discrepancies between calculated and
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observed data and/or significant differences in the 2D and 3D modelling results.

e The Stappen and Loppa highs appear to be of a distinct and thick crustal terrane type
obviously containing magnetic material. They may possibly have formed a ribbon
microcontinent during the Palaeozoic and Mesozoic rifting episodes. The Loppa High is
interpreted as a major continental rigid block that behaved as a ‘buffer’ region during
Palaeozoic and subsequent Mesozoic rifting episodes and possibly earlier during the
Caledonian orogeny.

e 3D modelling could test and confirm the general concepts proposed by the 2D
modelling. The LCB underneath the Bjgrngya Basin is extending along the basin axis.

e Variations of the magnetic field, especially in the eastern half of the model could be
explained by the superposition of two different basement types lying on top of each
other, rather than with different basement domains.

e Heat flow modelling of one regional profile obtained a good fit between data and
modelled temperatures and indicated a lower heat flow gradient for the Loppa High and
lower temperatures in the Bjgrngya Basin due to the presence of the LCB.

14.2 Proposition for further work

The interpretation work of the high-quality aeromagnetic data set in combination with gravity is
limited due to the ambiguity of the methods. Geometrical constraints are crucial and can only
be achieved by a joint interpretation with seismic data. The structural interpretation of the data
set proved the capabilities of potential field data to get a comprehensive overview of the
structural and tectonic setting of an area. 2D and 3D modelling are beneficial to prove or
disprove different scenarios, but they have to be constrained by additional seismic data.

To better understand the origin of e.g. Stappen High and Loppa High and the difference in the
basement setting between the western and eastern part of the study area and to evolve a more
detailed evolution theory for the Barents Sea, more information from seismic is necessary.

With more constraining information on hand the existing 3D model can easily be refined and
updated for the entire or a smaller area of interest to get more detailed information about a
specific structure.

Since the Norwegian-Russian dispute in the Barents Sea is settled, we propose a new

aeromagnetic survey in the Norwegian part of this area to complete the high-resolution
aeromagnetic mapping for the Barents Sea.
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Furthermore, the comparison of the HRAMS-97/98 with the BASAR-09 data reveals the higher
resolution using a denser line spacing of 1000 m in the Barents Sea. For a better interpretation
of intrasedimentary structures and for a more accurate onshore-offshore correlation we
recommend to infill and densify the line spacing.
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17 LIST OF FIGURES AND TABLES:

Figure 1.1 3D cartoon and examples of the application of modern NGU aeromagnetic surveys
to basin or geodynamic studies. The cartoon illustrates structures and geological units that
can cause observable magnetic responses (Gernigon et al. 2007a).

Figure 1.2 Geographic location of the BASAR-09 survey area and outline of the previous
aeromagnetic surveys in and surrounding the Barents Sea (Olesen et al. 2006, 2010,
Gernigon et al. 2007b). Alta and Tromsg airports were used during the survey acquisition.

Figure 1.3 Location of the BASAR-09 survey area (and outline of BAS-06 and BASAR-08).
The main structural elements of the western Barents Sea are from NPD (Gabrielsen et al.
1990).

Figure 2.1 Finnmark and Troms geology from a 1:500,000 map (Siedlecka & Roberts 1996)
and several 1:250,000 maps (Roberts 1973, Zwaan 1988, Grogan & Zwaan 1997, Zwaan
et al. 1998) . The main structural elements of the southern Finnmark Platform are shown
with survey outlines (blue- BASAR-09, brown-BASARO08/BAS-06) and locations of the
geological sections in this report (black) (Gabrielsen et al. 1990).

Figure 2.2 Regional palaeotectonics and main orogens and rift zones of the Barents Sea area.
Reconstruction at end-Permian time (modified after Gudlaugsson et al. 1998).

Figure 3.1 Piper Chieftain from Fly Taxi Nord with the towed Scintrex Caesium Vapour MEP
410 high-sensitivity magnetometer (still in the docking cradle).

Figure 3.2 Flight pattern (red lines and blue tie-lines) of the BASAR-09 survey.

Figure 3.3 Sensor altitude (plane radar altitude — 70 m). In the offshore regions the sensor
height was in a range of approximately 220 -250 m. Over onshore Finnmark the ground
clearance was generally higher on account of the steep coastal topography and changing
weather conditions.

Figure 3.4 Observations and prediction models of sunspot numbers from the US National
Oceanic and Atmospheric Administration
(NOAA)(http://www.swpc.noaa.gov/SolarCycle). Monthly averages (updated monthly) of
the sunspot numbers show that the number of sunspots visible on the sun waxes and wanes
with an approximate 11-year mega cycle. The BASAR-09 survey was carried out during a
period of extremely low solar activity, which presented excellent conditions for the
aeromagnetic acquisition.

Figure 3.5 Diagram of the monthly mean values of the horizontal intensity of the geomagnetic
field (H) observed at the Tromsg Observatory from 1987 to 2010. This graph illustrates the
good correlation between the periodic and semi-periodic evolution of the field and sunspot
activity. A similar variation between the polynomial average of H and its running average
illustrates the average good magnetic conditions for aeromagnetic surveying during the
period May-October 2009. Geomagnetic data derive from Tromsg Geophysical
Observatory (http://www.tgo.uit.no/aix).

Figure 3.6 Profiles with locally intermediate quality due to strong diurnal variations (i.e. diurnal
variation between 10 and 30 nT per 10 minutes) were evaluated for reflying. The total
length of intermediate-quality data is 2700 km (i.e. 3.5 % of the total survey). The red
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lines mark the profiles which were decided to be reflown.

Figure 4.1 BASAR-09 TMI RAW magnetic profile data (without levelling) gridded by means
of the minimum curvature algorithm (grid cell size at 400 x 400 m). Note that the artefacts
are mostly parallel to the line profiles due to diurnals. Projection UTM 36, WGS 84.

Figure 4.2 The IGRF-2009 (formally 2005) model within the BASAR-09 survey area.

Figure 4.3 BASAR-09 IGRF-corrected total magnetic field of the TMI RAW data.

Figure 4.4 a) Statistical tie levelling of the magnetic profiles and b) additional basemag
corrected tie-lines (Sgrgya (red rectangular) and Bjgrngya (green) basestation corrected).
Gridding of the tie profiles used the minimum curvature algorithm (grid resolution: 400 x
400 m).

Figure 4.5 Full levelling of the magnetic data. Gridding of the profiles used the minimum
curvature algorithm (grid resolution: 400 x 400 m).

Figure 4.6 a) TMI field after micro-levelling and b) magnetic residual after micro-levelling by
decorrugation and subtraction of the total field obtained by statistical levelling (400 x 400
m grid cell spacing).

Figure 4.7 a) BASAR-09 total magnetic field from both tie-lines and in-lines after micro-
levelling. Results from the FFT decorrugation technique of Geosoft. The 400 x 400 m grid
was produced using the minimum curvature gridding algorithm. b) Vintage NGU-
69,NGU-70 and BAMS-85 data (Olesen et al. 2010).

Figure 5.1 Updated regional compilation with BASAR-09 and previous BASAR-08, BAS-06,
HRAMS-97/98, BSA-87 SPA-88, NGU-69 and -70 and mainland data (Am 1975, Skilbrei
et al. 1990, Skilbrei 1991, 1992, 1993, Olesen et al. 2006, 2010, Bronner et al. 2009).

Figure 5.2 Regional compilation using vintage NGU data (Am 1975, Skilbrei et al. 1990,
Skilbrei, 1991, 1992, 1993, Olesen et al. 2006, 2010).

Figure 6.1 Bouguer gravity of the southern Barents Sea (reduction density 2.67 g/cm3).

Figure 7.1 Gridded anomaly map of the total magnetic field reduced to the pole (Incl: 72.58°;
Decl: 20.28°). The RTP transformation was carried out using a 2D-FFT filtering along the
microlevelled grid (400 x 400 m). The RTP correction transforms the anomaly into the one
that would be observed with vertical magnetisation and with a vertical Earth’s field, 1.e.
the anomaly that would be observed if the sources were located at the Earth’s magnetic
north pole. As a result, reduction to the pole removes asymmetries caused by the non-
vertical inducing field and places the anomalies more directly over their causative bodies,
thus facilitating the interpretation of the magnetic dataset. For the Barents Sea latitude
these changes are relatively small.

Figure 7.2 a) High-pass filtering (30 km) of the magnetic total field. This filter underlines the
distribution of the short wavelengths. B) Low-pass filtered data (30 km) showing the
corresponding residual field. Grid cell size is 400 x 400 m.

Figure 7.3 Upward continuations of the magnetic total field to a) 5 km and b) 20 km,
respectively. Upward continuation uses wavelength filtering to simulate the appearance of
potential-field maps as if the data had been recorded at a higher altitude. Large-scale
regional anomalies and the main crustal patterns are revealed by this process.

Figure 8.1 First vertical derivative obtained by convolution along the magnetic total field,
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reduced to the pole and gridded with a cell size of 400 m using minimum curvature. The
vertical derivative of an anomaly is related to the depth and geometry of the causative
body. The gradient operator attenuates broad, more regional anomalies and enhances local,
more subtle, magnetic responses and, as such, is sensitive to shallow magnetic source
bodies and contacts.

Figure 8.2 Second vertical derivative (SVD) obtained by convolution along the magnetic total
field reduced to the pole. The data were low-pass filtered with a) 2 km and b) 5 km cut-off
to suppress high-frequency noise and to highlight contact features of different
wavelengths.

Figure 8.3 Horizontal gradient magnitude (HGM) of the BASAR-09 dataset, reduced to the
pole. After the reduction-to-pole correction, a magnetic body is spatially more directly
associated with the related magnetic response. The horizontal gradient magnitude of the
anomaly slope is then located near or over the body edge; i.e., the horizontal gradient
operator, in map form, produces maximum ridges over edges of magnetic basement blocks
and faults or other magnetic bodies. In addition, the horizontal gradient highlights linear
and round-shaped features, related to magnetic contacts, in the dataset.

Figure 8.4 Analytic signal of the magnetic total field grid, reduced to the pole (400 x 400 m cell
size, normalised colour distribution).

Figure 8.5 Tilt derivative of the magnetic total field. The tilt derivative (TDR) is an alternative
method for deriving the maximum gradient anomalies associated with magnetic contacts.

Figure 9.1 Result from the located Euler deconvolution data. Solutions derived by using a
structural index of 0.

Figure 9.2 Result from the located Euler deconvolution data. Solutions derived by using a
structural index of 0.5

Figure 9.3 Result from the located Euler deconvolution data. Solutions derived by using a
structural index of 1.

Figure 10.1 a) Magnetic total field (left) and b) outline of the main anomalies (right). Black and
yellow lines underline the main structural features of the area (Gabrielsen et al. 1990).
Figure 10.2 a) Bouguer map and b) interpretation of the main anomaly highs and lows. Black

and yellow lines underline the main structural features of the area (Gabrielsen et al. 1990).

Figure 10.3 Interpretation of the main anomaly highs and lows from Bouguer (filled) and TMI
(outlines) maps. Black and yellow lines underline the main structural features of the area
(Gabrielsen et al. 1990). Grey lines represent the faults mapped at base Cretaceous level
(Gabrielsen et al. 1990).

Figure 10.4 Structural interpretation of the Hammerfest Basin and 20 km high-pass filtering of
the TMI data.

Figure 10.5Structural interpretation of the Tromsg Basin with the TMI data.

Figure 10.6 a) TMI grid with complete structural interpretation, b) Structural elements with
complete structural interpretation. Blue curved lines are observed lineaments from the
magnetic map and are most likely associated with Caledonian nappes, dark blue lines are
major faults. Red lines show fault-related lineaments probably associated with high-
magnetic material such as dykes (see text). Black and yellow lines underline the main
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structural features of the area (Gabrielsen et al. 1990). Grey lines represent the faults
mapped at base Cretaceous level (Gabrielsen et al. 1990), black and blue dotted lines
represent second-order lineaments with a more shallow origin, based on magnetic
interpretation.

Figure 10.7 a) TILT derivative from TMI grid with principal possibly intruded faults, b) 30 km
high-pass filter from TMI with complete structural interpretation and c) the complete
structural interpretation. Blue curved lines are observed lineaments from the magnetic map
and are most likely associated with Caledonian nappes, dark blue lines are major faults.
Red lines show fault-related lineaments probably associated with high-magnetic material
such as dykes (see text). Black and yellow lines underline the main structural features of
the area (Gabrielsen et al. 1990). Grey lines represent the faults mapped at base Cretaceous
level (Gabrielsen et al. 1990), black and blue dashed lines represent second-order
lineaments with a more shallow origin based on magnetic interpretation.

Figure 10.8 a) 30 km high-pass filtering of the Bouguer gravity with complete structural
interpretation from the new magnetic data b) TILT derivative multiscale edge detection to
(Lahti & Karinen 2010) determine the tilt of the main magnetic basement highs. Blue
curved lines are observed lineaments from the magnetic map and are most likely
associated with Caledonian nappes, dark blue lines represent major faults. Red lines show
fault-related lineaments probably associated with high-magnetic material such as dykes
(see text). Black and yellow lines underline the main structural features of the area
(Gabrielsen et al. 1990). Grey lines represent the faults mapped at base Cretaceous level
(Gabrielsen et al. 1990), black (BASAR-08) and blue (BAS-06) dashed lines represent
second-order lineaments with a more shallow origin, based on magnetic interpretation.

Figure 10.9 Comparison between (a) the new and (b) the vintage magnetic data for the
Nordkapp Basin. The BASAR-08 data (left) have a significantly higher resolution,
showing various features such as salt structures and faults in much more detail.

Figure 10.10 Onshore-offshore correlation utilising the TMI data from the new regional
compilation with the main structural interpretations.

Figure 10.11 Onshore-offshore correlation: TILT derivative with main structural interpretations
and onshore geology map (Siedlecka & Roberts, 1996).

Figure 11.1 Qutline of the main structural elements of the western Barents Sea (modified after
Gabrielsen et al. 1990) and location of the four transects modelled and discussed in the
present chapter. The map also shows some of the main geological units of western
Finnmark from the geological map of the Arctic (Harrison et al. 2008) and highlights the
main structural highs (in pink) in the western Barents Sea. The blue polygon represents the
outline of the new BASAR-09 aeromagnetic survey.

Figure 11.2 Free-air gravity map of the western Barents Sea and location of the regional
transects. The map also shows the main onshore geological units. The Loppa and Stappen
highs produce significant gravity positive anomalies. The Hammerfest, Tromsg and
Bjagrngya basins are characterised by gravity lows.

Figure 11.3 Location of the regional transects on the magnetic total field anomaly map of the
southwestern Barents Sea. Note the prominent positive and regional anomalies associated
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with the Loppa and the Stappen highs.

Figure 11.4 Tilt derivative filter (TDR) of the magnetic total field. The TDR enhances the
subtle magnetic anomalies and maximizes the geometrical contrast of the internal basin
structures. To remove noise and levelling still existing on the old compilation (BASAR-09
not included), a Butterworth filter has been applied on the total magnetic field before TDR
and deconvolution calculation. The TDR has the property of being positive over a source
and negative elsewhere. The TDR tends to enhance mapping of the subtle magnetic
anomalies and maximizes the geometrical contrast of the internal basin structure. The TDR
compared with other edge detection measures (e.g. the horizontal gradient, the second
vertical derivative and the analytic signal) have some advantage of responding well to both
shallow and deep sources. Using synthetic models, Verduzco et al. (2004) showed that the
TDR has its zero values close to the edges of the body for RTP corrected fields.

Figure 11.5 Blend image of the Tilt derivative (TDR) and TDX filters of the free-air gravity
field. The TDR enhances the subtle magnetic anomalies and maximises the geometrical
contrast of the internal basin structures. The TDX enhances the edge of each of the
anomalies (Cooper and Cowan, 2006). To remove noise still existing on the old
compilation, a Butterworth low-pass filter has been applied on the total magnetic field
before the tilt derivative filtering. This composite map highlights the main basement
structures, basins and structural trends of the study area.

Figure 11.6 Workflow and integrated interpretation of the potential field modelling.

Figure 11.7 Forward modelling results along seismic line NBR07-232958. Each polygon is
characterised by a density value in g.cm™ (black numbers) and susceptibility in SI (blue
italic numbers).

Figure 11.8 Forward modelling results along seismic line 7355-94. Each polygon is
characterised by a density value in g.cm-3 (black numbers) and susceptibility in SI (blue
italic numbers)

Figure 11.9 Forward modelling results along seismic line BV12-86. Each polygon is
characterised by a density value in g.cm™ (black numbers) and a susceptibility in SI (blue
italic numbers).

Figure 11.10 Forward modelling results along seismic line BV03-86. Each polygon is
characterised by a density value in g.cm™ (black numbers) and a susceptibility in SI (blue
italic numbers.

Figure 11.11 Conceptual models of the geodynamic evolution of the study area. Abbreviation:
BB: BB; HB: Hammerfest Basin; KFC: Knglegga Fault Zone; LH: Loppa High; NB:
Nordkapp Basin; NLHSZ: North Loppa High Shear Zone; OB: Ottar Basin SB: Sgrkapp
Basin; SD: Svalis Dome; SH: Stappen High; VH: Vestlemgy High. Gernigon et al.
(manuscript in preparation).

Figure 11.12 Model for the crustal and sedimentary structure across the Porcupine Basin after
O’Reilly et al. 2006). In shape and structure, this Irish basin could represent a good crustal
analogue of the Bjgrngya Basin. Vertical exaggeration is 1:1.5. Triangles show the
positions of OBSs used in this study. NR, Neogene to Recent post-rift sequence; CP,
Cretaceous to Palaeogene post-rift sequence; J: predominantly Jurassic synrift sediment
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sequence; PRB: pre-rift basement; M: Moho; PSP: partially serpentinised mantle
peridotite. Low velocities in the subcrustal mantle (Vp c. 7.2-7.8 km.s™) are interpreted as
evidence for partially serpentinised peridotites. Numbers are seismic P-wave velocities
(km.s™ ) in the subcrustal region of the model, added for clarity.

Figure 12.1 Structural map and outline of the 3D model. Lines indicate the vertical planes
defining the 3D model.

Figure 12.2 Gravity compilation used for 3D modelling. For gravity data a compilation of free-
air gravity in the offshore parts and Bouguer gravity with reduction density of 2670 kg/ m?
onshore Norway and Bjgrngya was applied. Outline of the 3D model.

Figure 12.3 Aeromagnetic compilation used for 3D modelling. Outline of the 3D model.

Figure 12.4 Presentation of the additional data from wells, deep seismic profiling and 2D
grav/mag modelling along seismic lines, used to constrain the model geometry.

Figure 12.5 a) Calculated gravity from the 3D model and b) difference field with the observed
gravity. The standard deviation is c. 8 mGal, which can to a large extent be explained by
local mismatches like salt structures( Nordkapp Basin, Svalis Dome), which were not
included in the 3D model.

Figure 12.6 a) Calculated TMI from the 3D model and b) difference field with the observed
TMI. The standard deviation is c. 70 nT, which can to a large extent be explained by local
mismatches along the COT, where constraints were only sparsely available, and low
model resolution onshore Norway.

Figure 12.7 Structural map of the southwestern Barents Sea (Gabrielsen et al. 1990) with the
positions of the presented 2D profiles from the 3D model.

Figure 12.8 ENE-WSW oriented cross-sections from the 3D model: a) Profile 9a and b) 10b
with magnetic and gravity correlation between observed and calculated field. The model
geometry from the 3D model with addressed units and parameters (See Table 12.1) is
shown.

Figure 12.9 ENE-WSW oriented cross-sections from the 3D model: a) Profile 11a and b) 12b
with magnetic and gravity correlation between observed and calculated field. The model
geometry from the 3D model with addressed units and parameters (See Table 12.1) is
shown.

Figure 12.10 NW-SE oriented cross-sections from the 3D model: a) NBR07-232948 b)
Petrobar_07 with magnetic and gravity correlation between observed and calculated field.
The model geometry from the 3D model with addressed units and parameters (see Table
12.1) is shown, and a comparison between the 3D model results and the ones from the 2D
interpretation.

Figure 12.11 ENE-WSW oriented cross-section from the 3D model: Profile 13b with magnetic
and gravity correlation between observed and calculated field. The model geometry from
the 3D model with addressed units and parameters (See Table 12.1) is shown.

Figure 12.12 a) Depth-to-magnetic basement as defined in the 3D model with different
basement units (see in Table 12.1): b) Top basement map including Caledonian nappes as
defined in the 3D model.

Figure 12.13 Depth to Moho from the 3D model.
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Figure 13.1 Modelling setup used in the present study. Surface temperatures and basal heat
flow are applied and each rock unit has its own thermal properties (i.e. heat generation and
thermal conductivity, Table 12.1). Note the salt pillow shown in white inside the Bjgrngya
Basin.

Figure 13.2 Modelled isotherms up to a) ~850°C and b) 400°C. Red vertical profiles depict
locations where modelled temperatures were extracted for comparison with temperature
data from exploration wells (see Fig. 12.3).

Figure 13.3 Snapshot of modelled temperature (see Fig. 12.2) showing the significant
depression of the isotherms caused by the salt dome.

Figure 13.4 Comparison between modelled and measured temperatures in exploration wells
(data source: Norsk Oljedirektoratet). Numbers refer to the sampling locations inside the
numerical model (see Fig. 1.2). BHT = bottom-hole temperature, DST = drill-stem test.

Table 3.1 Coordinates of the BASAR-09 survey area.

Table 3.2 Main characteristics of the BASAR-09 survey.

Table 3.3 Results from data QC and the re-fly programme of BASAR-09.

Table 4.1 Overview of tie-line corrections with lowpass filtered records from base-
magnetometers in Sgrgya and Bjerngya. If no correlation was found, only statistical
levelling was applied.

Table 9.1 Summary of the structural indices for simple geometric models from magnetic or
gravity anomalies (Reid et al. 1990, Marson & Klingele 1993, Bainbridge et al. 2002).

Table 9.2 Wells, with drilled basement, were use to constrain the Euler deconvolution results.

Table 11.1 Parameters used for the Werner deconvolution along profile NBR07-232958.

Table 11.2 Parameters used for the Euler deconvolution along profile NBR07-232958.

Table 11.3 Parameters used for the Werner deconvolution along profile 7355-94.

Table 11.4 Parameters used for the Euler deconvolution along profile 7355-94.

Table 11.5 Parameters used for the Werner deconvolution along profile BV12-86.

Table 11.6 Parameters used for the Euler deconvolution along profile BV12-86.

Table 11.7 Parameters used for the Werner deconvolution along profile BV3-86.

Table 11.8 Parameters used for the Euler deconvolution along profile BV12-86.

Table 12.1 Modelling parameters: different crustal units are defined by a combination of
petrophysical values obtained by density and magnetic modelling.

Table 13.1Thermal parameters used in the modelling.
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18 APPENDIX 1 CD CONTENT

18.1 Folders

Report
Presentations
Data

Figures & Maps

18.1.1 Report

NGU BASAR-09 report in PDF format

18.1.2 Presentations

Presentations showed to our partners in MS PowerPoint format (.ppt)

Profile data BASAR09 _Mag_proc.* Geosoft database and ASCI|I file

18.1.3 Data
e Profile

Name Format
1 UMTE 10.0
2 UTMN 10.0
3 LATITUDE 24.2
4 LONGITUDE 16.2
5 ALT_gps 10.2
6 ALT_R_ft 10.2
7 ALT_R_m_corr 14.2
8 ALT_R_m_sensor 20.2
9 DATE 12.2
10 GPSTIME 18.2
11 Mag_raw 12.2
12 Mag_raw_NOSPK 14.2
13 BMAG_B 12.2
14 BMAG_B_FILT20K 12.2
15 BMAG_S 12.2
16 BMAG_S_FILT20k 12.2
17 IGRF 12.2
18 MAG_anom 18.2
19 Mag_anom_tlev 23.2
20 MAG_lev_line_revl 41.2
21 Mag_mic_Final 15.2
22 Mag_mic_Final_rtp 10.2
23 Mag_mic_Final_rtp_h30k  10.2
24 Mag_mic_line_revl 36.2
25 MAG_tlev_stat 23.2
26 MAG_tmic_revl 20.1
27 Dec 10.1
28 Inc 10.2
29 NSAT 10.0

Describtion

UTM coordinates WGS84 UTM36N

UTM coordinates WGS84 UTM36N

geographical coordinates

geographical coordinates

GPS altitude

Radar altitude in feet

corrected Radar altitude in metre

corrected Sensor altitude in metre

Date

Gpstime

uncorrected recorded magnetic field

Spike corrected recorded magnetic field
Basemagentometre Bjarngya

Basemagentometre Bjarngya 20 km low-pass filtered
Basemagentometre Sgraya

Basemagentometre Sgrgya 20 km low-pass filtered
IGRF field

IGRF corrected magnetic field

Tie-line leveled magnetic field

levelled magnetic data, in-lines

final TMI, microlevelled all lines, tie-lines and in-lines
final TMI reduced to pole

30 km high-pass filter of final TMIRTP
microlevelled in-lines

statistical tie-line levelling

microlevelled tie-lines

Declination

Inclination

number of satellites
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18.1.4

Grids

BASAR-09 Report

Gridded data in UTM 36N, WGS84 & UTM 34N, ED50 for the compilation

Geosoft grid files
XYZ files
- Filtering

Various filtering of TMI data

- Processing

shp-files

Figures & Maps

Selected report figures in JPG and GeoTif format

Selected maps in PDF format

Total magnetic field
Total magnetic field

30 km high-pass filter from TMI field

TILT derivative from TMI field
Analytic signal from TMI field
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